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Summary
The epithelium of the intestinal crypt is a dynamic tissue undergoing con-
stant regeneration through cell growth, cell division, cell differentiation,
and apoptosis. How the epithelial cells maintain correct positioning, and
how they migrate in a directed and collective fashion, are still not well un-
derstood. In this thesis, computational models are developed to elucidate
these processes. EphB and ephrinB interactions have been found to be
able to regulate cell adhesion and cytoskeletal organisation. The results
obtained show that differential adhesion between epithelial cells, caused
by the differential activation of EphB receptors and ephrinB ligands along
the crypt axis, is necessary to regulate cell positioning. Differential cell
adhesion has been proposed previously to guide cell movement and cause
cell sorting in biological tissues. The proliferative cells and the differen-
tiated postmitotic cells do not intermingle as long as differential adhesion
is maintained. Without differential adhesion, Paneth cells are randomly
distributed throughout the intestinal crypt. The models also suggest that
with differential adhesion, cells migrate more rapidly as they approach the
vii
top of the intestinal crypt. By calculating the spatial correlation func-
tion of the cell velocities, it is observed that differential adhesion results in
the differentiated epithelial cells moving in a coordinated manner, where
correlated velocities are maintained at large distances, suggesting that dif-
ferential adhesion regulates coordinated migration of cells in tissues. In the
three-dimensional model with polarised epithelial cells , the effects of cell-
cell adhesion and cell-substrate adhesion in regulating cell translocation can
be studied. A biphasic relationship can be found between intestinal cell ve-
locity and cell-substrate adhesion. Finally, the three-dimensional model is
used to study the role of cell adhesion in the polyp formation process in the
intestinal epithelium. By inserting several “mutated” cells with aberrant
cell adhesion properties at the upper part of the crypt, it is observed that
these “mutated” cells are able to invaginate into the underlying substrate.
In addition to cell adhesion, simulation results also show that the popula-
tion of proliferative cells and the rate of cell division are important factors
in intestinal polyp formation.
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In multicellular organisms, cells usually do not stay isolated from other
cells. Instead, cells stay closed to their neighbours. For example, the ep-
ithelium is formed by the closely packed epithelial cells that tend to be
arranged in the form of sheets of varying thickness [1]. Epithelial cells are
specialised to cover the cavities and surfaces of structures throughout the
body [2] and thus it is important to understand how homeostasis is main-
tained within these cells. Collective cell movement gives rise to complex
changes in multicellular structures and is relevant for many processes in
morphogenesis, tissue repair and cancer invasion [1, 3, 4]. Much research
has been performed to investigate the mechanisms that control cell move-
ment (see reviews in [5, 6, 4, 7, 8]). However, cell movement is an elegant
orchestration of different cellular processes, how these processes are inte-
grated to regulate cell movement are still not well understood.
Like single cell migration, collective cell movement can result from sev-
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eral factors that are distributed over multiple spatial and temporal levels.
The mechanisms that control collective cell movement include cell polar-
isation and actin polymerisation that lead to protrusion of a collective
leading edge [9], cell-cell adhesion that mediates cell-cell interactions [1],
cell-substrate adhesion that responses to extracellular matrix [10], as well as
signalling pathways that can be triggered by growth factors and chemokines
[11]. Systems biology approach, which seeks to describe complex processes
as the output from an integration of inter-related components of biological
systems, may be useful to help understand the cooperation of the processes
that regulate collective cell movement.
In the Computation and Systems Biology programme of the Singapore-
MIT Alliance, which is a partnership between the CSBi programme at the
Massachusetts Institute of Technology (MIT) and the National University
of Singapore (NUS) and the Nanyang Technological University (NTU), I
have learnt ‘the four Ms’(measure, mine, model and manipulate)(Figure
0-1) which characterises the research in systems biology at MIT. After suf-
ficient data has been collected through systematic measurement, the data
can be processed and analysed to identify significant features. Then, based
on the data gathered, computational models can be built. The predictive
models can lead to hypotheses that can be tested by experiments. Con-
sequently, the iterative cycles between quantitative models and systematic
experiments help to improve experimental designs and refine the models.
Since tremendous efforts have been made to unveil the details of collec-
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Figure 0-1: The four Ms - model, manipulate, measure and mine, that
characterise the systems biology research at MIT.
tive cell movement in the past decades, the challenge now is to integrate the
information found so as to have more complete understanding of the mech-
anisms. Computational modelling may provide a solution by being able
to incorporate the information from different scales (from molecule, cells,
tissues, organs, up to organisms) and address the questions systematically.
In fact, comprehensive understanding of the biological system studied is
required before a quantitative and predictive computational model can be
built.
In this thesis, I focus on constructing computational models that can
be used to study the collective movement of cells in the intestinal crypt
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epithelium. The intestine epithelium, which is a dynamic system that has
a fast turnover rate, is a good model for studying collective cell dynamics
in tissues. In the intestinal crypt, cells of distinct properties are located at
different positions. Differentiated cells are found at the upper part of the
crypts while proliferating cells are confined to the lower two-thirds of the
crypts [12]. These cells, though belong to different types, will then move
orderly towards the top of the crypt. Cell movement and sorting allow
these cells of different types to be sorted out to yield homogeneous and
coherent structure in the rapidly proliferating intestinal epithelium.
Interesting results obtained from experiments conducted by Batlle et
al. [13] showed that differential expressions of EphB receptor tyrosine ki-
nases and their ligands ephrinB could be found in the adult mice intestine.
As the interactions of Eph receptors and ephrins could trigger downstream
signalling pathways that control cell-cell adhesion, cell-substrate adhesion,
and cytoskeletal organisation [14], I would like to know if differential cell
adhesion which could result from the differential expression of EphB and
ephrinB along the crypt-villus axis, can regulate cell positioning and cell
translocation in the fast regenerating intestinal crypt epithelium. Fur-
thermore, understanding of the underlying mechanisms that control cell
positioning and migration may provide better insight into the formation of
tumour in intestine as it has been found that EphB receptors play roles in
colorectal cancer progression [15].
To observe and measure the dynamic behaviours of cell positioning and
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directed migration in vivo (e.g. cell migration speed, cell trajectories) is
difficult. Modelling, however, has been used for decades to help scientists
understand the underlying mechanisms and dynamics of biological process.
Parameter values can be varied in the model to study their effects to the
whole system. In addition to validating the hypotheses made from ex-
perimental data, designing and testing of the models have led to testable
experimental predictions.
The aims of this thesis are to develop computational models that can
reproduce the experimentally observed dynamics in the crypt. In addition
to provide quantitative data of cell positioning, cell translocation, and cell
proliferation, these models should be able to examine the effects of cell
adhesion in healthy and dysplastic crypt, as well as propose important
factors that are involved in the formation of polyp in intestinal crypt.
Organisation of thesis
In Chapter 1, the important biological knowledge used in this thesis is
explained. In particular, the cell adhesion properties, the intestinal epithe-
lium that is used as the biological model and functions of EphB/ephrinB
in the intestine.
Chapter 2 reviews the computational models presented in the litera-
ture that address biological questions regarding cell motility. The Cellular
Potts Model (CPM) which is later modified and used in this thesis is also
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introduced.
In Chapter 3, a two-dimensional model is presented to study the effects
of cell-cell adhesion in cell positioning and directed migration.
Then, in order to investigate the effects of cell-substrate adhesion and
three-dimensional crypt structure in intestinal epithelium, the two-dimensional
model in Chapter 3 is extended to three-dimensional models in Chapter 4.
With the three-dimensional models, the effects of cell-substrate adhesion
in cell translocation can be studied. Besides that, in Chapter 4, factors
that contribute to crypt homeostasis and formation of intestinal polyp are
examined.
Finally, Chapter 5 summarises the main results obtained, discusses pos-




Spatial arrangement of cells is critical for the formation of tissues by cells
of different types. The process of cell sorting allows the segregation of cell
populations and the maintenance of compartment boundaries between dif-
ferent types of cells. A connection between cell sorting and intercellular ad-
hesion has been demonstrated in previous classic experiments with chicken
[16] and amphibian embryos (reviewed in [17]). When different types of
embryonic amphibian cells were mixed, the cells sorted into distinct homo-
geneous layers. Townes and Holtfreter [18] proposed that tissue segregation
is caused by differences in the degree of adhesiveness and chemotaxis.
According to Trinkaus [19], “an adequate theory of sorting out or cel-
lular segregation must explain two aspects of the process: a) the eventual
adhesion of cells of the same type to form sectors of like cells and b) the
positioning of these sectors within the aggregate in a concentric pattern
peculiar to each combination.” One of the mechanisms that have been pro-
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posed to explain cell sorting is the differential adhesion hypothesis [20]
which uses the formalisms of equilibrium thermodynamics and assumes
that the sorting process of cells with a certain affinity for each other is
analogous to the motion of molecules in fluids.
1.1 Differential Adhesion Hypothesis
Differential adhesion hypothesis was proposed by Steinberg [20, 21, 22].
According to the hypothesis, affinity difference is an important force during
cell sorting and tissue spreading. It is assumed that cell sorting results
entirely from random motility and differences in the general adhesiveness
of cells. Cells will maximise their contacts with other cells that have the
same affinity properties [22]. For example, when cells of differing adhesive
properties are mixed in extracellular matrix, weaker attachments will tend
to be displaced by stronger ones, such that cells with highest strength
attachments form the center of the aggregate and weaker interacting cells
form the surface of the aggregate.
This theory has been experimentally verified through the use of cells
differing only in the amount of adhesion molecules, P-cadherin, expressed
on their surfaces [22]. The results from [22] show that when these cells
with different P-cadherin expressions are mixed, cells with high P-cadherin
expression sort to form aggregates while cells with lower P-cadherin ex-
pression spread progressively over the surfaces of these aggregates.
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1.2 Cell adhesion
Cell sorting, migration and polarity can be affected by cell adhesion arising
from complex interactions between adhesion molecules. Cell adhesion can
be regarded as a mechanism that helps translate basic genetic information
into complex three-dimensional patterns in cells and tissues [23]. Cell adhe-
sion arises due to the binding of different kinds of transmembrane receptors
(e.g. cadherins) to their ligands. Based on the functions of cell adhesion
molecules, two main classes of adhesion molecules can be identified: (1)
adhesion molecules that mediate adhesion in regions of cell-cell contact,
e.g. E-cadherin, mediate adhesion in regions of cell-cell contact, and 2)
adhesion molecules that regulate cell attachment to extracellular matrices,
e.g.integrins bind to different kinds of extracellular ligands (e.g. collagen,
laminin and fibronectin) in extracellular matrices.
1.2.1 Cell-cell adhesion
Cell-cell adhesion plays an important role during the process of morpho-
genesis. It ensures tight contacts between neighbouring cells and is critical
for cell segregation, maintenance of tissues integrity and the functional dif-
ferentiation of different tissues. During tumour progression, disruption of
cell-cell contacts contributes to cancer metastasis [24].
Cadherins are cell-surface adhesion molecules that mediate calcium-
dependent cell-cell adhesion. E-cadherin is the best-characterised cadherin.
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E-cadherin is expressed in all epithelia and is concentrated in adherens
junction. It is also important for establishing and maintaining apico-basal
polarity [25]. Besides that, E-cadherin has been found to suppress inva-
siveness of carcinoma cells and E-cadherin gene is mutated in 50% of the
diffusive-type gastric carcinomas [26, 27, 28, 29]. Decreased E-cadherin
gene transcription results in a loss of cell-cell adhesion and an increase in
cell migration [30].
1.2.2 Cell-substrate adhesion
While cell-cell adhesion is important to maintain cell-cell contact, cell-
substrate adhesion is vital for anchorage-dependent cells. Upon seeding,
anchorage-dependent cells adhere, spread, migrate and proliferate on the
substrate. Many cellular functions are regulated by interactions of cells
with the proteins in extracellular matrix.
Integrins are a large family of heterodimeric cell-surface receptors that
are typically involved in cell-substrate adhesion [31]. Most integrins are
expressed on a wide variety of cells and most of these cells express sev-
eral types of integrin. Integrins can bind to their ligands (e.g. collagens,
laminin, fibronectin) in the extracellular matrix and thus regulate cell-
substrate adhesion through these interactions. The specificity and affinity
of a given integrin receptor on a given cell are not always constant [31]. In-
dividual cells can vary their adhesive properties by modulating the binding
10
properties of integrins.
These adhesion molecules can also be regulated by other signal trans-
duction events. For example, cadherins which are essential to the mainte-
nance of cell-cell attachments at adherens junctions, can be regulated by
small GTPases Cdc42, Rac and Rho [32, 33, 34]. In addition to that, ex-
periments performed in Xenopus embryos [35] indicate that activation of
Eph receptors can result in loss of cell-cell adhesion which can be recovered
through co-injection of RNA encoding C-cadherin.
1.3 Eph receptors and their ligands ephrins
Erythropoietin-producing hepatoma-amplified sequence (Eph) receptors are
transmembrane receptor tyrosine kinases which form the largest subfamily
of receptor tyrosine kinases (RTKs). Their ligands are the ephrins. Today,
16 Eph receptors and 9 ephrin ligands have been identified in vertebrates
[36]. Binding studies [37] show that there are two preferential binding speci-
ficity classes: EphA receptors bind to ephrinAs, and EphB receptors bind
to ephrinBs. As Eph receptors and ephrins are membrane bound proteins,
the interactions between Eph receptors and ephrin ligands are restricted to
direct cell-cell contacts [38].
Although Eph receptors and ephrins are not adhesion molecules, previ-
ous experiments performed have shown that their interactions could trig-
ger downstream signalling pathways that control cell-cell adhesion, cell-
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substrate adhesion, and cytoskeletal organization [14]. Activation of EphB
receptors or ephrinB ligands results in changes in cell adhesion through
endocytosis [39, 40] and regulation of the cytoskeleton [41, 42]. Eph recep-
tors, when activated by low levels of co-expressed ephrins, could promote
adhesion but when activated by high levels of ephrins at interfaces trigger
repulsion [43]. Previous experiments also show that Eph/ephrin and N-
cadherin mediate cell-cell adhesion, change the neural crest cell migration
and cause alterations in the pattern of sympathetic ganglia [44]. Besides
that, EphA2 and E-cadherin may play critical role in colorectal tumour
metastasis as their expressions have been found to correlate closely with
cancer progression [45].
Increasing evidences also show that Eph/ephrin signalling mediate cy-
toskeletal dynamics through Rho GTPases. However, the mechanism of
the Rho family of GTPases activation by Ephs is not well established [46].
The GTPase exchange factor (GEF) intersectin [47] and kalirin [48] which
activate Cdc42 and Rac have been found involved in EphB2 signalling in
hippocampal neurons. In addition to that, Rac signalling, which is respon-
sible for actin cytoskeletal remodelling, was found regulating membrane
ruﬄes at the Eph-ephrin contact sites in adjacent Swiss 3T3 fibroblasts
[42].
Recent studies also suggest that Eph/ephrin interactions dynamically
control cell-matrix adhesion by regulating components of integrin signalling
pathways such as focal adhesion kinase (FAK), p130CAS [49, 50] and paxillin
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[51]. It has been proposed that the oligomerization of EphB1 is determined
by the surface density of ephrinB1 and this EphB1/ephrinB1 signalling
activates αvβ3 and α5β1 integrin-dependent cell attachment [52]. EphB2
also regulates integrins through the activity of R-Ras. Activated EphB2
phosphorylates R-Ras and this leads to a loss of cell-matrix adhesion as
phosphorylated R-Ras does not support integrin mediated cell adhesion
[53, 54].
1.3.1 Eph receptors and ephrins in the small intestine
and colon
To further understand the function of Eph/ephrin interactions in prolifer-
ating cells in adult tissues, experiments have been performed on intestinal
epithelium which is one of the fastest regenerating tissues. By using a li-
brary of real time TaqMan R©RT-PCR probes and primers, it was found
that human small intestine and colon epithelium exhibit the presence of
a broad spectrum of A- and B-class Eph receptors and ephrins [55]. The
most abundantly expressed receptors and ligands are EphA2, EphB2, eph-
rinA1, ephrinB1 and ephrinB2 [55]. Eph receptors and ephrins may play an
important role in maintaining intestinal homeostasis as they are found to
be essential regulators of cell migration and adhesion (reviewed in [43, 46]).
Interesting results obtained from experiments conducted by Batlle et
al. [2002] show that β-catenin and TCF regulate the positioning and mi-
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gration of epithelial cells in the intestinal crypt through interactions of
EphB and ephrinB. Clevers and colleagues [56] have also found that EphB
and ephrinB are inversely regulated by the β-catenin/TCF signalling path-
way. DNA microarray analysis in human colon adenocarcinoma cell lines
with inducible dominant-negative TCF mutations shows that EphB2 and
EphB3 receptors are among the 120 genes with at least a two-fold drop.
Furthermore, their ligand ephrinB1 is among the 115 genes with increased
expression. Hence, the β-catenin/TCF complex upregulates EphB recep-
tors and downregulates their ligand ephrinB.
As the stabilization of β-catenin and its interaction with TCF tran-
scription factors have been found to be regulated by the Wnt signalling
pathway [57, 58], the distribution of EphB and ephrinB proteins depends
on the Wnt proteins too. In the absence of Wnt signals, a multi-proteins
degradation complex including the scaffold protein Axin, the tumour sup-
pressor gene product Adenomatous Polyposis Coli (APC), and glycogen
synthase kinase 3β (GSK3-β), phosphorylates β-catenin. β-catenin is then
ubiquitinated and degraded by the proteasome. In the presence of Wnt
signals, the activity of the degradation complex is blocked. β-catenin is
stabilised and travels to the nucleus. β-catenin accumulated in the nucleus
then form complexes with TCF to drive the transcription of target genes.
Previous experiments have shown that the concentration of APC pro-
tein is uneven throughout the crypt-villus axis [59]. In small intestine, APC
is most abundantly expressed at the top of the villus and the gene expres-
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sion becomes weaker towards the crypt. In colon, APC gene expression is
strongest in surface epithelial cells and decreases towards the bottom of the
crypt. Cytosolic levels of β-catenin can be affected by APC protein con-
centration [60]; thus affecting the expression of EphB and ephrinB in cells.
EphB and ephrinB genes are found to be expressed in counter gradients on
the crypt axis (see Figure 1-1). It has been found that EphB2 is expressed
by proliferative cells in a decreasing gradient from the bottom to the top
of the crypt, whereas, EphB3 is expressed only in cells that are localised at
the bottom of the crypt. On the other hand, high levels of ephrin-B1 and
ephrin-B2 are detected in differentiated cells at the crypt-villus junction
and the expression decrease gradually towards bottom of the crypt [13].
Figure 1-1: The expression gradients of EphB2, EphB3, and their ephrin
ligands in the adult small intestinal crypts, based on experiments in [13].
EphB/ephrinB signalling is bidirectional [13]. In the experiments [13]
where the truncated EphB receptors exert a dominant-negative effect on
EphB positive cells (which is still able to activate ephrinB ligands upon
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contact interactions), the sorting of cells expressing high levels of ephrinB
is still impaired. This indicates that bidirectional signalling is required to
regulate cell positioning in the intestinal epithelium.
Experiments using mice deficient for both Eph2 and EphB3 receptors
show that progenitor cells do not migrate in a uni-direction towards the
lumen; instead, the proliferative cells and differentiated cells intermingle
in these double mutant mice [13, 15]. When EphB is knocked down, it
has also been found that Paneth cells are re-distributed in the intestinal
crypt. These results indicate that EphB/ephrinB interactions regulate cell
positioning and direct cell migration in the intestinal epithelium.
Several studies conducted [61, 15] also suggest that EphB receptors play
roles in colorectal cancer progression. In experiments performed by Lugli
et al. [61], EphB2 expression was analysed using microarray. EphB2 ex-
pression was found in 100% of 118 colon adenomas but only in 33.3% of
45 colon carcinomas. Clevers et al. [15] have shown that in the absence of
EphB activity, tumour progression in the large intestine of mutated mice is
strongly accelerated, resulting in development of aggressive colorectal ade-
nocarcinomas. These experimental results agree with other studies [62, 63],
showing that EphB receptors suppress colorectal cancer progression. Ob-
servations in [64] also suggest that EphB2 is an independent prognostic
factor in colorectal cancer. The extent of EphB2 silencing in colorectal
cancer correlates inversely with patient survival; loss of EphB2 expression
indicates poor survival [61, 64]. Currently, it is not clear how EphB recep-
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tors suppress colorectal cancer progression.
1.4 Intestinal epithelium
Understanding how cell movement is controlled in rapidly proliferating tis-
sues helps in the study of the maintenance of morphology and cell home-
ostasis in the tissues. The mechanism by which EphB and ephrinB regulate
the directed migration and positioning of cells in the intestinal epithelium is
an interesting question to be addressed. The intestinal epithelium consists
of a single layer of epithelial cells that form a barrier against the external
environment and is constantly renewed every few days. The structure of the
intestinal epithelium is already well known and it is found to be different
in the small intestine and in the colon (Figure 1-2) [65].
1.4.1 Small intestine
In the small intestine, the epithelium can be divided into two spatially
different compartments: the finger-like projections called villi and invagi-
nations called the “crypts of Lieberku¨hn”. Villi and crypts are covered by
a single, continuous layer of epithelial cells. Cell proliferation, differentia-
tion, migration and apoptosis maintain the intestinal homeostasis. These
processes occur in a regulated manner along the crypt-villus axis in the
small intestine. The position of a cell in the crypt is related to its age.
Each intestinal crypt contains 250-300 epithelial cells, and it is esti-
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Figure 1-2: Diagram showing the structure of (a) large and (b) small in-
testine.
mated that there are about 106 crypts in the intestine of an adult mouse
[66]. The crypt is replaced approximately every two days [65]. Self-
renewing intestinal stem cells give rise to rapidly proliferating progenitor
cells (also referred to as transit amplifying or TA, cells). Undifferentiated
crypt progenitors divide every 12-16 hrs, giving rise to approximately 200
cells per crypt per day [67]. These fast dividing transient amplifying cells
migrate upwards from the crypt and become differentiated. Differentiated
cells are specialised in different functions. There are four main intesti-
nal epithelial lineages: enterocytes, goblet cells, enteroendocrine cells, and
Paneth cells [68, 69]. Differentiated cells then move towards the villus tip,
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where they are shed into the intestinal lumen. While the enterocytes, gob-
lets cells, and enteroendocrine cells migrate towards the villus tip, Paneth
cells complete their differentiation and remain within the crypt for around
20 days, after which they are removed by phagocytosis [70, 71, 66].
1.4.2 Colon
The colonic epithelium consists of many straight tubular crypt but no villi.
The three main differentiated cell lineages in the colonic epithelium are:
colonocytes, goblet cells and enteroendocrine cells. In a mouse colonic
crypt, there are about 500 cells [72]. Stem cells are found to be located at
the bottom of the crypt just like stem cells in the small intestine, except
that there is no Paneth cell in colonic crypt. On top of the stem cells,
there are progenitor cells (transit amplifying cells). As these cells move
towards luminal surface at the top of the crypt, the cells divide and become
differentiated functional cells. This process takes approximately 4 to 7 days
in mouse colonic crypts.
1.4.3 Intestinal stem cell
The intestinal stem cells that replenish the whole crypt are found to be
located near the bottom of the crypts [73, 74, 75, 76, 77]. They are capa-
ble of producing various cell types that are required for maintaining crypt
homeostasis, and regeneration after injury. The stem cell number is approx-
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imately maintained at a steady state; however, there is controversy over the
total number of stem cells in the crypt. Previously, it has been estimated
that 4 to 16 stem cells exist in the crypt [78]. In experiments performed by
Potten et al. [79], long term DNA-label retention suggests that intestinal
stem cells located at the +4 position immediately above the Paneth cells.
On the other hand, recent work by Barker et al. reports that there are 4
to 6 stem cells in the intestinal crypt [80]. In their findings, Barker et al.
[80] have identified a marker gene Lgr5 and shown that the Lgr5 -positive
crypt base columnar cell represents the stem cell of the small intestine and
colon. Crypt base columnar cells are located at the bottom of the crypt,
they are interspersed between Paneth cells. The Lgr5 -positive crypt base
columnar cell are found to be able to generate all epithelial lineages over a
60-day period [80].
To anchor and support intestinal stem cells, the “niche hypothesis”
proposes that subepithelial myofibroblasts, which are in close contact with
crypt cells, form a specialised cellular niche at crypt bottoms [81, 82, 83].
The niche also functions to help the stem cells maintain their stemness as
it is assumed that if the stem cells leave the niche they cease to retain their
stem cell properties. Latest results obtained by Clevers group [84] show
that non-epithelial stem cell niche is not required to maintain intestinal
stem cells. In their experiments, single sorted Lgr5 -positive cells are able
to initiate crypt-villus organoids in Matrigel-cased cultures. A single Lgr5
intestinal stem cell can operate independently of positional cues from its
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environment to generate a self-organizing crypt-villus structure [84].
1.4.4 Mechanisms for intestinal cell migration
Hypotheses have been made to explain the underlying mechanism for the
movement of epithelial cells in the intestine [85, 12, 86]. Among the pos-
sible ideas are basement membrane flow, mitosis pressure, and active cell
movement. However, observations have suggested that it is unlikely that
any of these mechanisms alone can explain the cell migration due to the
following reasons:
• The monolayer of intestinal epithelial cells adhere to the basement
membrane through binding of integrins to its ligands including col-
lagen, laminin, and fibronectin [31]. The basement membrane flow
hypothesis is not widely accepted because the basement membrane is
thin (50 to 100nm thick [85]), and thus may not be strong enough to
pull the epithelium. Furthermore, previous experiments have shown
that the epithelial basement membrane of the small intestine does not
migrate together with its overlying epithelium [87]. No net movement
of the basement membrane has been detected.
• Mitotic pressure is generated through the proliferation of cells. How-
ever, as epithelial cells are elastic, how the pressure can be passed to
all the cells to trigger cell migration remains a question. In fact, it
has been demonstrated previously that intestinal cell migration can
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take place in the complete absence of mitotic activity [88].
• In the active cell movement mechanism, cells migrate by actively con-
trolling their cytoskeletal structure to move in the desired direction.
Unlike single cell active movement that consists of several well stud-
ied steps (extension of protrusions, attachment to the front at the
leading edge, net movement of the cell body, and retraction of the
cell’s tail [89]), collective movement of polarised epithelial cells seems
to omit these steps; therefore, raising doubts on the involvement of
active migration.
While no single mechanism can solely be responsible for collective cell
movement in intestinal epithelium, these mechanisms may have their im-
pacts on intestinal cell migration through changes in cell adhesion, cy-
toskeleton structure, cell polarity, and substrate properties.
Some key questions need to be addressed to better understand the mech-
anisms maintaining intestinal homeostasis. How is the compartmentaliza-
tion of epithelium cells along the crypt axis formed? What is the mechanism
directing the cell migration upwards? Aberrant cell migration may disturb
the normal process of cell differentiation in the crypt. While the exact
mechanisms that control directional migration and cell positioning in the
intestinal crypt are still not well understood and imaging of in vivo intesti-
nal epithelial cell movements remains a challenge, quantitative computa-
tional model that aims to investigate cell migration and crypt dynamics in
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the intestinal epithelium is likely to yield some insights. By assuming that
EphB/ephrinB interactions regulate the cell adhesion properties, I would
like to investigate if differential cell adhesion can control cell positioning




A review of computational
models
2.1 Introduction
Computational modelling of biological systems plays increasingly impor-
tant role in modern biology to better understand complex biological be-
haviours. The ever increasing computing power allows biological hypothe-
ses to be tested on computer models before carrying out expensive and
time-consuming lab experiments.
Various cell-based models have been developed for the purpose of study-
ing collective cell behaviours while at the same time incorporating differ-
ent properties of individual cells. This leads to more biologically realistic
models of animal tissues and allows for a better understanding of the con-
tributions of cellular mechanisms to tissue level operations.
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This chapter first reviews some models that have been implemented to
study cell movement in tissues. Then the Ising model and the Potts model
which are the historical origins of the Cellular Potts Model (CPM) that is
used in this thesis are described. After that, the details of the CPM are
given.
2.2 Models of cell motility
Cell motility is critical in many biological processes such as tissue develop-
ment, wound healing, movement of white blood cells to the site of infection
etc. Models that have been developed to study cell motility mainly fall
into two categories: 1) Continuum models use partial differential equations
to describe the spatiotemporal evolution of cells. Cell movement is treated
as a dynamic cellular density [90] while cells are assumed to diffuse and
respond to chemical signals via chemotaxis and to mechanical signals via
haptotaxis. 2) Discrete models are cell-oriented and allow the cells to be
treated individually. In discrete models, cells can behave like autonomous
entities; thus, phenomena resulting from cell-cell interactions can be exam-
ined by modulating the cell properties.
2.2.1 Continuum models
In order to study cell migration in epidermal wound healing process, Sher-
ratt and Murray have developed basic cell-reaction-diffusion models using
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Fisher’s equation [91]. This well-known equation has been used in wound
healing models to quantify the migration of cells [92, 93, 94]. The model
with Fisher’s equation provides an expression for the wave speed in terms
of the random cell motility coefficient and the rate of cell proliferation. If
the wave speed is known, the relationship between the random cell motility
and the cell proliferation rate can be examined.
In the one-dimension model described by Lauffenburger [95], three com-
partments corresponding to the lamellipod, the cell body and the uropod
are considered in the analysis. This is because the model is based on the ob-
servation for in vitro cell locomotion over two-dimensional substrata which
consists of lamellipodal extension, cytoskeletal contraction and relaxation
[96]. The model aims to study the dependence of cell speed on receptor
and ligand number densities and receptor-ligand binding affinity. Based on
the same migration mechanisms, DiMilla et al. [89] then developed a one-
dimensional viscoelastic-solid model in which a cell consisted of discrete
subunits, each with an elastic spring, dash-pot and contractile element, to
study how cell speed might vary with intracellular contractile force, cell
rheology, receptor/ligand kinetics and receptor/ligand number densities.
In addition to the models mentioned above, many other models of cell
motility have been proposed, e.g. a model to study the steady gliding
movement of fish keratocytes was developed by Mogilner et al. [97], a model
to describe the crawling movement of the sperm nematode was created by
Mogilner and Verzi [98], and a model of motility in ameboid cells was
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built by Gracheva and Othemer [99]. In a spatial model based on Voronoi
diagrams, a Voronoi polygon is used to represent a cell. Each cell is labelled
by a center and includes all space that that is closer to it than to other
cell centers. Forces applied on a cell are introduced on the cell boundaries.
This model can be used to simulate cell movement and cell shape changes.
2.2.2 Discrete models
While continuum models neglect the effects of cellular discreteness, dis-
crete models focus on individual cell properties such as cell adhesion, cell
geometry, and cell elasticity. One of the commonly used discrete models is
called the Cellular automata (CA) model. This model comprises discrete
agents that occupy some lattice sites. These agents have one or more in-
ternal state variables. A set of rules are set to describe the evolution of the
agents’ state and position. An agent’s movement depends on the current
state of neighbouring agents. Lattices in the model can be updated using
stochastic method like Monte-Carlo algorithm.
CA models have been used in studying developmental biology. Young
[100] developed a simple CA model to create spatial two-dimensional pat-
terns that mimic animal coat markings. Models that allow for cell move-
ment have been proposed to model cell rearrangement and sorting. For ex-
ample, Bodenstein [101] considered cell division and displacement to show
the process of mixtures of two cell types separate into distinct layers.
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2.3 Cellular Potts Model
2.3.1 Ising model
The Ising model, introduced by Ernst Ising, is a simple model of magnetisa-
tion [102]. The model considers the interaction of elementary objects called
“spin”, σ, which are located at regularly spaced lattices~i. Spins have only
two allowed orientations, up (σ = 1) and down (σ = −1). A state in the
Ising model is simply the specification of the spin (up or down) at each of
the lattice sites. Each spin σ~i only interacts with its nearest neighbours
σ~j on the lattice j where
∣∣∣~i−~j
∣∣∣ = 1. The model is a statistical model.
All spins obey Boltzmann statistics, therefore, the relative probability of
any configuration of spins is its Boltzmann probability that depends on the
configuration energy or Hamiltonian, H(σ~i),
P (σ~i) = e
H(σ~i)/kT (2.1)
where k is Boltzmann’s constant and T is the temperature.
The energy of the configurationH(σ~i) is the sum of interactions J(σ~i, σ~j)









The Potts model is a generalisation of the Ising model. The model was
introduced by Potts [103] in 1952. As in Ising model, each lattice in the
Potts model belongs to a spin σ. Lattices with the same σ value form a
domain that represents a grain or bubble. In the Q-state Potts model that
was used to study cellular pattern coarsening in metallic grains [104], a
total number of Q states is allowed. A free energy, the Potts Hamiltonion
H, which is proportional to the boundary area of the domains, defines a




[1− δσ~i,σ~j ], (2.3)
where σ has Q different values and the energy is zero for like spins and one
for unlike spins. δσ~i,σ~j is a Kronecker delta term, where δσ~i,σ~j = 1 if σ~i = σ~j
and δσ~i,σ~j = 0 if σ~i 6= σ~j .
Metropolis Monte Carlo simulations can then be used to update the
values of lattices. The probability of changing the spin value at the chosen




e(−∆H/T ), ∆H > 0,
1, ∆H ≤ 0
(2.4)
where ∆H is the difference between energy after the change and T is the
temperature. Through the spin reassignments, the Potts model minimises
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the total domain surface energy.
2.3.3 Cellular Potts Model (Extended Potts model)
The Cellular Potts Model (CPM) is a more complex probabilistic CA with
Monte-Carlo updating. As a discrete agent-based model, the CPM is cell-
oriented. In the CPM, a cell comprises a domain of lattice sites (Figure
2-1) that describe cell volume and shape; thus, allowing the model to study
interactions dependent on cell geometry. Glazier and Graner [105] have
incorporated volume constraints and type-dependent energies into Potts
model to fix cell sizes and to simulate cell-cell adhesion. The Hamiltonian











where J(τ, τ ′) is the surface energy per unit contact area depending on the
types of cells, τ , in contact, λ is the strength of the volume constraint (a
Lagrange multiplier),and v(σ) is the volume of a cell σ.
The first term in the Hamiltonian is the cell-type dependent adhesion
energy. The second term represents the cell volume constraint that enables
the cells to conserve volume and it encodes all bulk properties of the cell,
e.g. membrane elasticity, cytoskeletal properties and incompressibility. As
the value of λ increases, cells become less flexible to volume changes; thus,
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their volumes are kept stringently to the value of target volume Vτ(σ) of
their cell type.
In CPM, the dynamics are based on the free energy minimisation prin-
ciple. Monte Carlo Metropolis simulation allows the pattern in CPM to
evolve in a probabilistic manner to minimise the overall free energy. At
each Monte Carlo step, a lattice site (i, j) is selected randomly and the
value of the lattice site can be changed to the value of one of its nearest
neighbours (i′, j′), which is selected randomly, with the probability,
P (σ(i, j)→ σ′(i′, j′)) =


e(−∆H/T ), ∆H > 0,
1, ∆H ≤ 0
(2.6)
where ∆H is the net change of energy and T is the temperature. The
parameter T can be interpreted as the amplitude of the cell membrane
fluctuations. By tuning the value of T , the effect of stochastic fluctuations
in the model can be adjusted.
Results from previous studies [105, 106] have shown that differential ad-
hesion alone is sufficient to drive cell rearrangement and cell sorting. The
basic CPM given above can also be further extended to include the effects
of external cue such as the chemical gradients in the environment. Chemo-
taxis is the phenomenon in which cells direct their movements according to
certain chemicals in their environment. To simulate chemotaxis in CPM,
a new energy term
Hchemotaxis = µc(i, j), (2.7)
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Figure 2-1: A cell in CPM is represented by multiple lattices
where µ is the chemical potential [107] and c(i, j) represents the chemoatt-
tractant concentration value at lattice site (i, j), need to be added to the
Hamiltonian in Equation (2.5).
In previous studies, the CPM has also been used to describe biologi-
cal phenomena like patterning in tissues [108], vasculogenesis [109], cancer
cell metastasis [106] and Dictyostelium culmination [110]. Cell length con-
straint applied by Merks et al. [109] in the CPM allows the model to
reproduce cells with elongated morphology. Simulation results obtained
demonstrated that cell elongation is crucial for correct replication of stable
vascular network in the simulations [109].
Savill and Sherratt [108] applied the CPM to study the mechanisms
that control the stem cell cluster size and shape formed in the basal layer
of human interfollicular epidermis. They found that it is most likely that
the cluster size and shape are controlled by regulating cell differentiation.
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In their model, they incorporated the Delta-Notch cell-cell signalling by
using ordinary differential equations (ODEs) defined on the boundaries of
stem cells with neighbouring stem cells. The fate of a cell is then based on
the total Delta and Notch expression summed over the cell surface. The
Notch signalling informs cells of the size of the cluster they inhabit as well
as controls the differentiation of cells.
In the model of malignant invasion developed by Turner and Sherratt
[106], in addition to the effect of cell-cell adhesion, the population of ma-
lignant cells stimulated experienced a haptotactic gradient. The authors
found that cell-medium adhesion is a more important determinant of in-
vasiveness compared with cell-cell adhesion. They also examined the role
of cell proliferation in the invasion progress and demonstrated that even
though an increase in proliferation rate usually results in an increased of
depth of invasion, as cell proliferation creates thicker and strong anchors
between the main cell mass and the invasion front, this may on the other
hand inhibit invasion.
Dictyostelium discoideum, a kind of unicellular amoebae, is one of the
most widely used organisms to study morphogenesis [107]. When starved,
the amoebae start to aggregate and form a multicellular mound consisting
of 105−106 cells. Then the cells differentiate into two major cell types, pre-
stalk and prespore cells. The mound will then form migrating multicellular
slug. When the slug enter culmination, a fruiting body is formed comprises
a sphere of spore cells on a slender stalk. Mare´e and Hegeweg [110] mod-
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elled the culmination using a two-dimensional CPM. The model developed
considers the effects of differential adhesion, cell differentiation and chemo-
taxis. Results from the model demonstrate the feasibility of the CPM for
explaining the processes in Dictyostelium discoideum morphogenesis.
In this chapter, we have reviewed some of the mathematical and com-
putational models presented in the literature that address biological ques-
tions regarding cell motility. Cell-oriented discrete model, the Cellular
Potts Model, due to its simplicity and extensibility, has become the most
widely-used method to cell-level modelling biology [111]. Spatial effects in
an organism can be studied using the CPM. In addition to cell adhesion,
the CPM allows the effects of chemotaxis, haptotaxis, extracellular matrix,
cell proliferation and cell differentiation to be considered to enable better
understanding of biological behaviours [107, 108, 106, 110]. Taken together,
the CPM has proven to be a good approach to describe biological phenom-
ena. For a more in-depth review of the techniques of modelling based on
CPM, see chapter II, “The Cellular Potts Model and Its Variants”, in the




Effects of Cell-cell Adhesion in
Cell Positioning and Directed
Migration
In this chapter, the positioning and the translocation of cells in the intesti-
nal crypt epithelium are studied. A two-dimensional lattice model based
on the CPM is developed to study the effects of differential cell-cell adhe-
sion when multiple cell types were considered. First in Section 3.1, several
models in the literature that have been proposed to capture crypt cells
dynamics are introduced. Then the details of the two-dimensional lattice
model are presented in Section 3.2. In Section 3.3, I discuss the data ob-
tained from the simulations and compare them to the experimental results
found in literature. Parameter sensitivity analysis is also performed for the
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model. Finally, Section 3.4 analyses the simulation results and presents
conclusions drawn from the two-dimensional model.
3.1 Previous crypt models
Computational models have been built to elucidate the processes that main-
tain the tightly regulated crypt system. This section briefly reviews several
models in the literature that describe the cell behaviours in intestinal crypt.
In models that consider the spatial effects in the intestinal crypt, cells
are usually considered in discrete manner or lattice-free approach which
allows cells to move freely. Loeﬄer et al. have presented a cellular au-
tomata model which used two-dimensional grids to study cell migration
and proliferation in the intestinal crypt [77]. This model represents the
crypt as rigid two-dimensional grids; all cells have equal size and are ar-
ranged in pre-defined rows and columns. The insertion of a newborn cell
into a column of cells will cause the column of cells to shift upwards and
thus the cells move in cell-sized spatial step [77]; therefore, this discrete
model may not be able to represent the magnitude of cell movement in
vivo accurately. Also, as cell movement depends on the insertion of new
cell, cell motility in the model is connected explicitly to mitotic activity of
cells without consideration of other possible mechanisms.
Instead of using discrete lattices, a two dimensional lattice-free model
using Voronoi tessellation has been developed by Meineke et al. [112]. This
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model allows the cells to move continuously. It is assumed that the main
driving force responsible for the cell movements is mitotic activity. In this
model, local cell sorting rules are not required during cell division as cells
interact by viscoelastic forces.
In addition to the spatial models mentioned above, other models have
been presented to study cell population dynamics and tumorigenesis in
colonic crypt. For example, a stochastic model was developed in [113] to
demonstrate the effects of mutations in different cell types and the impor-
tance of chromosomal instability. Their results show that the inactivation
of the first APC allele has to happen in a stem cell to prevent the mu-
tated cell from being “washed out” by the continuous migration of wild
type differentiated cells, while the other mutations could happen in the
differentiated cells.
A compartmental model ignores the spatial location of cells and divides
the system into distinct compartments characterised by cell type. Rules are
then used to define how the number of cells in each compartment evolves
over time. Johnston et al. [114] used a compartmental approach to model
the behaviour of populations of stem cells, differentiated cells and transit
amplifying cells in a crypt. It was found that mutations in the parameters
(e.g. renewal rate, apoptosis rate, differentiation rate) could affect the net
growth rate and initiate tumorigenesis.
All the crypt epithelium models mentioned above, however, are not able
to investigate cell behaviours caused by differences or changes in protein
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concentrations (e.g. counter gradients of EphB and ephrin-B proteins in
the intestinal crypt). For example, even though the spatial models allow
the investigations of processes like cell growth, cell migration and cell differ-
entiation, the models do not incorporate signalling pathways that account
for changes of cell properties. On the other hand, the stochastic models
outlined above are used to study the growth of cell populations and to
capture cell dynamics under both normal and aberrant growth rates with-
out considering properties like cell distributions, cell movements and cell
morphology.
3.2 Theory and method
As presented in Chapter 1, cell-cell adhesion has been found to play impor-
tant roles in biological processes like cell sorting [22], tissue morphogenesis
[115, 116, 18], cell polarity [25], and cell migration [26, 27, 28, 29, 30]. Inter-
esting results found by Batlle et al. [13] showed that gradients of Ephs and
ephrins can be found in the intestinal crypt epithelium. Their experiments
demonstrated that without EphB2 and EphB3 expressions in the intestinal
epithelium, cells do not move orderly upwards from the base of the crypt
to the crypt-villus junction (see Section 1.3.1). Since Ephs and ephrins
interactions have been found to involve in the processes of regulating cell
adhesion and cytoskeletal dynamics [14], in this chapter, I would like to
investigate if the differential cell-cell adhesion that may arise from the dif-
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ferential expression of EphBs and ephrinBs, can regulate cell positioning
and cell translocation in the fast regenerating intestinal crypt epithelium.
CPM which has been previously used to study cell behaviours controlled
by cell adhesion [105] provides a solution to monitor cell spatial arrange-
ment while varying cell adhesion properties. My objective is to build a
computational model based on CPM to quantitatively study the effects of
differential cell-cell adhesion in modulating epithelial cell behaviours in cell
positioning and translocation.
3.2.1 Model description
A two-dimensional lattice model is used to describe the dynamics of cells
in a “crypt of Lieberku¨hn”. Intestinal epithelium is formed by a confluent
monolayer of polarised columnar cells [117]. It has been found that the
average interphasic cell was 4 µm wide by 21 µm tall [117]. The interface
of cell-cell interactions is larger than the interface of cell-substrate interac-
tion; therefore, cell-cell adhesion may play important role in neighbouring
cells interactions. With the two-dimensional model, I focus on investigat-
ing how cell-cell adhesion may affect cell positioning and translocation. In
this model, the effects of differential cell-cell adhesion on cell transloca-
tion is studied without considering the effects of active cell movement and
basement membrane flow.
In the two-dimensional lattice model, each cell is assigned a unique cell
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ID, σ(i, j) ∈ {1, 2, 3, ..., N} , where N is the number of cell in the system
and (i, j) identifies a lattice site. Each cell is made up of several adjacent
lattice sites that have the same cell ID σ.
Cells in the model belong to different cell types, τ(σ). It is assumed that
there are seven cell types in the intestinal crypt (Figure 3-1A): Paneth cell
(P), stem cell (S), four generations of transit amplifying cells (TA1, TA2,
TA3, TA4), and differentiated postmitotic cell (D), τ(σ) ∈ {P, S, TA1,
TA2, TA3, TA4, D}. The positions of cells belonging to different cell types
along the crypt in the model are as shown in Figure 3-1B. Paneth cells and
differentiated postmitotic cells are differentiated cells that do not divide,
whereas, stem cells and the transit amplifying cells are proliferative cells
that undergo cell division. The self-renewing stem cells give rise to the fast
dividing progenitor cells (also referred to as transit amplifying, TA cells).
The TA cells then generate the differentiated cells (D).
Cell growth and cell division are also considered in the model. The
lineage of cell types is as shown in Figure 3-1C. Every cell division produces
two daughter cells. For example, when a stem cell located at the base of
the crypt divides, it produces one daughter cell that keeps the cell ID of
the parent cell and remains as a stem cell, while the other daughter cell
becomes a TA1 cell and obtains a new cell ID. A TA1 cell produces two
TA2 cell; a TA2 cell produces two TA3 cells; a TA3 cell produces two TA4
cells and finally a TA4 cell divides into two D cells. The cell cycle time
of stem cells is assumed to be 17± 1 hours and the transit population has
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Figure 3-1: Initial cell condition for the model. (A) Seven cell types
defined, their positions in the crypt. (B) Initial cell configuration in the
two dimensional lattice model. (C) Transitions of cell types in the model.
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cycle times ranging from 12 to 14 hours [112, 77]. When the defined cell
cycle is completed and the area a(σ) of a proliferative cell becomes twice
the target area size, the cell divides. Division is at the middle of the cell
and perpendicular to the longest cell axis [118].
According to the differential adhesion hypothesis [20, 22], in any popu-
lation of motile cells with different adhesiveness, weaker cell bindings will
tend to be displaced by stronger ones. This adhesion-maximisation process
will drive cell sorting until an “equilibrium configuration” is reached. In
the CPM, cell adhesion is represented through the surface energy at cell in-
terface. High surface energy corresponds to weak adhesion and low surface
energy indicates strong adhesion. A cell-type-dependent surface energy,
Es, is defined to study the effects of cell adhesion. The cell-type-dependent
surface energy is zero between lattice sites within the same cell; it is only
considered between neighbouring lattices of different cells to measure the




J (τ(σ(i, j)), τ ′(σ′(i′, j′))) (1− δσ(i,j),σ′(i′,j′)), (3.1)
Here, J(τ, τ ′) is the surface energy per unit contact area. It is defined as
a function of the cell types (τ and τ ′) of the two surfaces in contact. The
Kronecker delta term δσ(i,j),σ(i′,j′) is used so that the energy is zero within a
cell, i.e., when σ(i, j) = σ(i′, j′). The surface of cell is isotropic; therefore,
the surface energy at cell interface depends only on the type of cell. Cells
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belonging to the same cell type carry the same adhesion properties. As the
position of a cell in the crypt is related to its age and thus can be related to
the cell type in the model, by assigning different surface energies to cells of
different types, the changes in cell adhesion, which may be caused by the
gradients of proteins found in the intestinal crypt (e.g. EphB and ephrinB
gradients [13], see Figure 3-1), can be simulated.
EphB2 expression decreases gradually towards the top of the crypt while
ephrinB1 and ephrinB2 expression decreases towards the bottom of the
crypt. Activation of EphB receptors and ephrinB ligands regulates the
function of cell adhesion molecules and results in changes in cell adhesion
[39, 40] through endocytosis and regulation of the cytoskeleton [41, 42].
Thus, it is assumed that the interactions of EphB/ephrinB in vivo can
also regulate adhesion between intestinal epithelial cells in the model. This
adhesion controlled by EphB/ephrinB interactions in the model is taken
into account through the cell-type-dependent surface energy, Es, considered
between cells.
Two scenarios of stem cell distribution (scenario 1: stem cells at +4
position [79], and scenario 2: stem cells located at the bottom of crypt in
between Paneth cells [80]) are also considered in this model (see Figure
3-1A). In the model, a position-dependent energy term (Ep) is introduced
to simulate the distribution of stem cells in the two scenarios above. With
this energy term, the stem cells will prefer to stay at their initial positions.
A matrix M is used to record the position of stem cells in the initial cell
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configuration (see Figure 3-1B). In M, if entry (i, j) belong to a stem cell,





where Jniche is the adhesion energy between cell and the initial stem cell
position.
Biological cells normally have a fixed range of sizes; therefore, cell size
has to be maintained in the model. Glazier and Graner [105] have intro-
duced an area constraint to fix cell sizes in two-dimensional CPM. That is,







where τ(σ) is the cell type associated with the cell σ, a(σ) the current area
of a cell σ, and Aτ the target area for cells of type τ . All cells of a given
type have the same target area.
Finally, the energy of the interactions between cells can be defined by
the energy function,
H = Es + Ep + λEa, (3.4)
where λ specifies the strength of the area constraint in the energy term.
The Metropolis Monte Carlo method is used to solve for the dynamics
of the two-dimensional lattice model. At each step, a lattice site (i, j)
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is chosen randomly. Then, a neighboring lattice site (i′, j′) is randomly
selected from the 8 nearest neighboring sites of (i, j). The value of σ(i, j)
may be updated to the value of σ′(i′, j′) with Monte Carlo probability P :
P (σ(i, j)→ σ′(i′, j′)) =


e(−∆H/T ), ∆H > 0,
1, ∆H ≤ 0
(3.5)
where ∆H is the gain in energy after the change, and T is a “temperature”
that corresponds to the amplitude of the cell membrane fluctuations. Time
is measured in Monte Carlo steps (MCS) in the model. One Monte Carlo
step consists of x attempts to update lattices in the model, where x = 16
times the total number of lattice sites. In simulations, the cells rearrange
themselves into a configuration that minimises the energy resulting from
cell-cell interactions.
3.2.2 Model parameters
The model consists of approximately 280 cells. The height of the crypt in
the model is about 21 to 23 cells and the width of the crypt is about 13 to
14 cells. Figure 3-1B depicts the initial configuration of cells in the model.
Periodic boundary conditions are used at the left and right boundaries of
the model. The simulations are performed on a 147 × 90 (row × column)
two-dimensional lattice grid. Thus, each cell comprises approximately 40-
50 adjacent lattice sites. The target area Aτ(σ) of non-dividing cell is 40
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Figure 3-2: The values of the entries in the matrix J(τ, τ ′) in Equation
(3.3).
lattice sites. However, for proliferative cells (S, TA1, TA2, TA3, TA4), the
target area is set to be twice the original cell size when the cell has gone
through one cell cycle. Cells touching the upper boundary of the system
have their areas reduced to zero to simulate cells leaving the system. The
upper boundary of the system has adhesion energy equal to 10.
The matrix J(τ, τ ′) in Equation (3.1) describes the adhesion free energy
per unit contact area between cells. The individual matrix elements are
shown in Figure 3-2. These values are defined based on experimental results
[39, 43, 42, 119]. Work of Marston et al. [42] in fibroblasts and endothelial
cells shows that a high level of Eph receptor activation by ephrin reduces
cell adhesion. On the other hand, a low level of Eph receptor activation
promotes cell adhesion [42].
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In this model, only the relative magnitudes, not the absolute magni-
tudes, of cell adhesion strength are required to present differential adhesion
for cells at different positions in the crypt. Therefore, the exact magnitude
of the cell adhesion strength is not required.
By adjusting the adhesion energy in J , the differential signalling of
EphB/ephrinB interactions between different cell types can be described in
the model. In the J matrix in Figure 3-2, entries with smaller values denote
stronger cell adhesion strength, i.e., strong adhesion strength indicates low
surface free energy. The surface free energy is minimal between cells of
the same type. Thus, the diagonal elements of the J matrix have values
(range from 2 to 15 similar to the surface energy values used in [105])
whose magnitude in a particular row is smaller than the magnitudes of all
the other non-diagonal entries in the row.
According to the experiments performed by Batlle et al. [13], the ex-
pression of EphB2 is highest in cells located near the bottom of the crypts
(at positions 4 to 6) and decreases as cells approach the top of the crypts.
On the contrary, high levels of ephrinB1 and ephrinB2 are identified at the
crypt-villus junctions and the expression decreases in a gradient towards
the bottom of the crypts. In this model, it assumed that cells belong to
the same cell type have identical EphB and ephrinB expression. Cortina
et al. [119] demonstrate that colorectal cancer (CRC) cells expressing only
EphB2 when co-cultured with CRC cells expressing only ephrin-B1 form
cluster and prefer to adhere to cells of their own type. Clusters of CRC
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cells expressing only EphB2 can be found surrounded by CRC cells ex-
pressing only ephrin-B1. They also found that by enhancing E-cadherin
adhesion, EphB activity induces cell sorting and compartmentalization of
cells. As the expression level of EphB is highest at the base of the crypt, it
is proposed that the cell adhesion strength of cells at the base of the crypt
is higher than those of the other cells; therefore, diagonal entries J(P,P)
and J(S,S) have the lowest value 2. As EphB decreases towards the top
of the crypt, the cell adhesion strength becomes weaker (J(TA1, TA1),
J(TA2, TA2), J(TA3, TA3), J(TA4, TA4), J(D, D) have values larger
than J(P,P) and J(S,S)). The maximum EphB activation is assumed to
occur in TA3 cells where the concentration of EphB is assumed to be equal
to the concentration of ephrinB (as shown in Figure 3-1A). It is assumed
that the maximum EphB activation weaken cell-cell adhesion; thus caus-
ing J(TA3,TA3) to have the highest value among the diagonal entries in
matrix J . The cell adhesion strength of cells (TA4 and D cells) at the top
of the crypt is stronger than those of TA3 cells as the expression of EphB
decreases towards the crypt-villus junction and the activation of EphB be-
comes lower.
Values of non-diagonal entries in the J matrix are also decided based on
the difference in EphB and ephrinB expressions in cells. The surface energy
between cell types increases as the difference in cell expression of EphB and
ephrinB becomes larger. For example, stem cells located at the bottom of
the crypt have high concentration of EphB while the expression of ephrinB
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is lowest, as the expression of ephrinB increases and the expression of EphB
decreases towards the top of the crypt, differentiated cells at the upper
part of the crypt have high concentration of ephrinB while the expression
of EphB is lowest. Therefore, J(S,D) > J(S,TA4) > J(S,TA3) > J(S,TA2)
> J(S,TA1) > J(S,P) > J(S,S).
The parameter λ in Equation (3.4) is set to λ = 1. It is a Lagrange
multiplier that constrains the cell area conservation. This value follows
that used in previous literature [105].
The parameter T in Equation (3.5) is set to T = 10, which is identical
to the value used in previous literature [105].
One Monte Carlo step in the simulations is calibrated to be 0.1 hour.
This ensures that the time scale for cell growth and cell division (cells divide
after they have completed one cell cycle) is set correctly.
Finally, sensitivity analyses of the parameters J, λ, and T are also car-
ried out and are discussed in the next section.
3.3 Results
3.3.1 Differential adhesion regulates positioning of cells
in the intestinal crypt
The simulation results demonstrate that when differential adhesion is main-
tained, transit amplifying cells and differentiated cells translocate in a di-
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rected fashion towards the top of the crypt. This is similar to intestinal
cell migration observed in vivo [120]. A distinct boundary can be found to
be maintained between the proliferative and the differentiated cells in both
scenarios 1 and 2 (see Figures 3-3A and 3-3B). Paneth cells remain at the
bottom of the crypt and do not migrate upwards while transit amplifying
cells move in an orderly fashion to the top of the crypt as they divide and
become differentiated. Differentiated cells are located only at the top of the
crypt. The results in Figures 3-3A and 3-3B also suggest that even though
stem cells are located at different positions in the two scenarios, cells in
both scenarios are able to maintain ordered positioning when differential
cell adhesion is considered.
The removal of differential adhesion is then modelled by setting the
individual elements of the J matrix to have identical values (i.e., all the
cells in the model have the same surface free energy). When differential
adhesion between cells is removed, it is found that the differentiated cells
intermingle with proliferative cells (Figures 3-3C and 3-3D). In this case,
transit amplifying cells no longer migrate orderly to the top of the crypt.
Consequently, the position of a cell no longer depends on its age. Further-
more, Paneth cells do not remain at the bottom of the crypt; instead, they
are found distributed at different positions in the crypt. These behaviors of
cells are similar to movements of cells found in previous experimental stud-
ies [13]. The experiments using mice deficient for both EphB2 and EphB3
receptors showed that progenitor cells do not migrate in a uni-direction
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towards the lumen; instead, the proliferative cells and differentiated cells
intermingle in these double mutant mice [13, 15].
In addition, the simulation results show that as some of the proliferative
cells move randomly towards the base of the crypt, dividing proliferative
cells can be located at the positions originally occupied by Paneth cells.
Increased proliferative activities are detected at the base of the crypt. The
redistribution of proliferative cells in the simulations matches the obser-
vation found by Holmberg et al. [38]. The model shows that differential
adhesion regulates the positioning and directed migration of cells in a dy-
namic environment where cells undergo cell growth and division.
3.3.2 Epithelial cells in the intestinal crypt move ver-
tically upwards towards the top of the crypt
To study the translocation of a cell from the bottom of the crypt to the top
of the crypt, I followed the movements of a cell starting from its initial posi-
tion at the base of the crypt. Figure 3-4A shows the migration trajectories
of several cells in the model when differential adhesion is considered. In
the figure, the cells move almost vertically upwards towards the top of the
crypt. The cells in the model are not constrained to move in any particular
direction, and can, in fact, move horizontally and downward. The results
found show that their general trend is an upward migration towards the
top of the crypt. This is reminiscent of the patterns shown by Winton et
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Figure 3-3: Cell distribution from the simulations. In the two-
dimensional lattice model, when differential adhesion is maintained, pro-
liferative cells and differentiated postmitotic cells do not intermingle, (A)
scenario 1, (B) scenario 2. The black line depicts the sharp boundary be-
tween the proliferative and differentiated areas. When differential adhesion
is removed from the model, differentiated cells intermingle with prolifera-
tive cells, (C) scenario 1, (D) scenario 2.
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Figure 3-4: Trajectories of cells. (A) The migration trajectories of cells
moving from the bottom of the crypt to the top of the crypt when dif-
ferential cell adhesion is maintained. (B) The trajectories of cells without
differential cell adhesion show that instead of staying at the bottom of the
crypt, the Paneth cell (represented by deep blue dots) moves upwards when
there is no differential adhesion. On the other hand, the proliferative cell
in the same figure stays at the bottom of the crypt and does not move
upwards to the top of the crypt. The dot-to-dot distance equals 1 hour.
The colour of the dot corresponds to the cell type at that time point.
al. [120]. In the model, the cells take about 50 hours to move from the base
to the top of the crypt after proliferation from a stem cell. The dot-to-dot
distance in the figure equals 1 hour. The colour of the dot indicates the
cell type at that time point. As the cell moves, the cell differentiates and
changes its type.
Figure 3-4B shows the migration trajectories of two cells in a scenario
where cell adhesion is the same for all cells in the model. A Paneth cell can
be found moving vertically upwards from its initial position at the bottom of
the crypt to the top of the crypt. The model shows that without differential
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adhesion, Paneth cells are not constrained to stay at the bottom of crypts.
The other cell which is initially a TA cell in Figure 3-4B, however, has a
trajectory that is different from the path traverse by the Paneth cell in
the same figure. Instead of moving upwards, the cell migrates downwards
to the base of the crypt. Consequently, as the TA cell proliferates and
becomes differentiated, differentiated cell that normally stays at the top of
the crypt can be found located at the base of the crypt.
In previous experiments [121], it was found that the speed of the di-
rected migration up the crypt increased from 0.02 cell diameter per hour
at cell position 1 (bottom of the crypt) to 1.05 cell diameter per hour at
the top of the crypt. The simulation results with differential adhesion also
show this behavior (Figures 3-5A and 3-5B). The velocities calculated from
the model match those of the experiments very well. This also means that
differentiated cells at the top of the crypt have a faster velocity than prolif-
erative cells located at the lower to middle part of the crypt. On the other
hand, when there is no differential adhesion, cell velocities are affected. As
observed in Figure 3-5, the results from the two-dimensional model indi-
cate that cell velocities at the upper part of the crypt are smaller without
differential adhesion. The differences in cell velocities demonstrate that in
addition to modulating cell positioning in the intestinal crypt, differential
adhesion of cells play a role in enhancing cell directed movements.
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Figure 3-5: Mean migration velocity of cells at different positions in
the crypt. The results found in, (A) scenario 1, (B) scenario 2, show that
with differential cell adhesion, cell velocity is increased. The experimental
data shown is taken from [121]. The average is taken over cells from 20
data sets.
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3.3.3 Movement of epithelial cells in the model is co-
ordinated
Epithelial cells are found to move collectively as sheets in culture [10]. To
determine whether the movements of cells in our model are coordinated,









where r is the distance between the two cell centroids, ~vi the velocity of
cell i at position ri, and Nr is the number of cell pairs with distance r.
A large value of C(r) for r ≫ 1 indicates that the velocities of two cells
at the distance r apart are highly correlated, whereas a decaying C(r)
demonstrates that two cells begin to become uncorrelated when the distance
between them increases.
Figures 3-6A and 3-6B show the correlation functions calculated from
our simulations, when differential adhesion is maintained and when all the
cells have identical adhesion strength. The velocities used are calculated
at the time interval of 1 hour (10 MCS). Only differentiated cells (D cells)
are considered when calculating the spatial correlation of the cell velocity
because differentiated cells form the largest cell population in the model
and their velocities are less affected by cell division compared to other cell
types.
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Figure 3-6: Spatial correlation of the cell velocity in cells with
differential adhesion (bullets) and cells without differential adhe-
sion (circles). Comparison of cells with differential adhesion and without
differential adhesion shows that the velocities of cells with differential ad-
hesion are highly correlated; however, without differential adhesion, the
spatial correlation of the velocity decreases when cell distance increases,
(A) scenario 1, (B) scenario 2. The data is determined from cells in 20
data sets. The distance between cells, r, is normalised to the target cell
diameter.
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The data in Figures 3-6A and 3-6B suggests that the differentiated
cells in the simulations are quite highly correlated in their movements at
all distances r shown when differential adhesion is maintained among the
cells. The spatial correlation for the cells without differential adhesion
decreases and fluctuates more when cell distance r increases. Thus, the
movements of cells without differential adhesion become less coordinated
for distant cells. This may be caused by the more random cell movement
generated by cell division of transit amplifying cells. As shown in Figure
3-3B, without differential adhesion, the fast dividing progenitors are dis-
tributed among the differentiated cells; therefore, causing the translocation
of differentiated cells to be affected by these neighbouring dividing cells.
With differential adhesion, the differentiated cells preserve collective move-
ment in the crypt. This demonstrates that differential adhesion contributes
to correlated movement in the model.
3.3.4 Intestinal epithelial cell homeostasis is main-
tained in the model
The crypts in the small intestine of mice contain about 150 proliferative cells
each [112]. These proliferative cells are important to maintain intestinal
epithelial cell homeostasis. The simulation results (Figure 3-7A) show the
populations of different cell types from 30 hours to 99 hours after the initial
state. The mean cell numbers of different types of cells in Figure 3-7A are
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shown in Figure 3-7B. The number of proliferating cells in the model is
almost constant in time and the error bars indicate that fluctuations in cell
populations are small. This is consistent with the previous experimental
observations [112]; therefore, showing that the balance of the differentiated
cell and proliferative cell populations is maintained in the model when
differential adhesion is considered in cell migration.
3.3.5 Parameter sensitivity analysis
A parameter sensitivity analysis has been carried out for λ which is the
parameter that specifies the strength of the area constraint in Equation
(3.4). The analysis aims to check if the simulation results are dependent
on this parameter. The values of λ is varied from 0.1 (representing very
weak area constraint) to 10 (representing very strong area constraint) while
other parameters in the simulations are fixed. The intestinal crypt cell
migration velocity for different values of λ are shown in Figure 3-8. The
value of λ = 1 is used in the studies to maintain the balance between the
area-dependent energy, Ea and the cell-type-dependent surface energy, Es.
λ = 1 and 0.9 gives the best fit to the experimental data (refer to Figure 3-
8). When value of λ is reduced (λ = 0.5, 0.2, 0.1), the velocity of intestinal
crypt cells decreases. In fact, when the value of λ becomes smaller than 0.5,
the intestinal crypt cell velocity is significantly affected and the cell area
is not conserved. This causes the area of cell to become very big or very
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Figure 3-7: Cell populations maintained in the model. (A) The total
number of cells in the intestinal crypt is roughly maintained. (B) The mean
number of cells of different types obtained from cell populations in Figure3-
7A. Preserving cell homeostasis is of critical importance in fast regenerate
tissue like intestine. This figure shows that cell populations of different
types are maintained throughout the simulations of the 2-D lattice model,
only small errors are found in the figure.
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2D lattice model simulation results, lambda = 1
2D lattice model simulation results, lambda = 0.9
2D lattice model simulation results, lambda = 10 
2D lattice model simulation results, lambda = 5 
2D lattice model simulation results, lambda = 0.5 
2D lattice model simulation results, lambda = 0.2
2D lattice model simulation results, lambda = 0.1
experimental results from [121]
Figure 3-8: Cell migration velocities when λ is varied.
small which is biologically unrealistic. When the value of λ is increased
to 5 and 10, the area-dependent energy term, Ea, becomes the dominant
factor in the energy function H . The area of each cell is strictly constrained
and thus the area size is always close to the target area set. The overall
intestinal cell velocity is slightly reduced when λ = 5 and 10.
I proceed to investigate if the results are dependent on the parameter
J matrix while other parameters in the simulations are unchanged unless
otherwise specified. The entries in J matrix give relative differences of
adhesion free energy between different cell types. The values of J matrix
entries are defined based on the experimental results obtained in previous
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experimental results from [121]
2D lattice model simulation results, original J matrix
2D lattice model simulation results, original J matrix + 2 
2D lattice model simulation results, original J matrix + 4 
2D lattice model simulation results, original J matrix + 6 
2D lattice model simulation results, original J matrix + 10, lambda = 2
Figure 3-9: Migration velocity of cells when the values of J matrix entries
are incremented
studies. To prove that it is the relative values that matter in the J matrix,
the value of each entries in J matrix is increased by 2,4,6 and 10. Figure
3-9 shows that the intestinal crypt cell migration velocity obtained approx-
imates the experimental results found previously even though the values
of J matrix entries are changed. When the values of J matrix entries are
incremented by 10, the value of λ is increased to 2 to maintain the balance
between the area-dependent energy Ea and the cell-type-dependent surface
energy, Es.
In addition to that, the values of J matrix entries are modified sepa-
rately. The modified J matrices are as shown in Figure 3-10.
In modified J matrices 1, 2, 4 and 5, the maximum EphB activation is
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Figure 3-10: The modified J matrices. (A) modified J matrix 1. (B)
modified J matrix 2. (C) modified J matrix 3, adhesion free energy at cell
boundary increases as concentration of ephrinB increases. (D) modified J
matrix 4. (E) modified J matrix 5. (F) modified J matrix 6, the maximum
EphB activation is assumed in TA4 cells.
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found in TA3 cells, thus TA3 cells have the highest adhesion free energy
among the diagonal entries. Figure 3-11 shows that for cells with modified
J matrices 1, 2, 4 and 5, the migration velocity of cells at different positions
in the crypt approximates the cell velocity obtained from experiments. In
modified J matrix 3 (see Figure 3-10C), it is assumed that Eph activation
increases as concentration of ephrinB increases; therefore, P cells and S
cells have the lowest adhesion free energy among themselves (the value of
diagonal entries for P cells and S cells is 1) while D cells, which have the
highest concentration of ephrinB, have highest adhesion free energy (the
value of the diagonal entry is 20). It is found that cells with modified
J matrix have much slower cell velocity than the cells in experiments (as
shown in Figure 3-11). When the maximum EphB activation is assumed
in TA4 cells, which is as defined in modified J matrix 6 (Figure 3-10F), it
is found that the intestinal cell migration velocity is affected (see Figure
3-11), however, if lambda is increased to 2, cell migration velocity can be
slightly increased. Finally, the results in Figure 3-11 demonstrate that
when the values of J matrix entries are decided based on EphB activation
(high level of Eph receptor activation by ephrin reduces cell adhesion) and
TA3 cells have the highest adhesion free energy, the cell migration velocity
found gives the best fit to the experimental data.
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Figure 3-11: Migration velocity of cells with the modified J matrices defined
in Figure 3-10
3.4 Discussion
In fast regenerating tissue like the intestinal epithelium, the maintenance
of crypt architecture and cell distribution may be of critical importance to
support the tissue functions and preserve tissue homeostasis. The position-
ing and translocation of proliferative progenitor cells, differentiated cells
(including enterocytes, goblet cells and enteroendocrine cells) and Paneth
cells is strictly ordered in the small intestinal crypt despite the fast turnover
rate. The two-dimensional lattice model based on the CPM can be used
to analyse the spatial-temporal movements of epithelial cells in the intesti-
nal crypt while preserving dynamics in the tissue. In the two-dimensional
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model, cells move to minimise the surface free energy between cells. The
cell movements are decided by the interactions of cells at the cell boundary.
Therefore, unlike cell centered methods, the two-dimensional lattice model
can describe the changes in cell morphology triggered by cell movements.
The way a new cell should be inserted (e.g. based on the age of neighbour-
ing cells) is not artificially defined. Instead, the decision of cell division is
based purely on the geometry of the cell.
The model has shown that differential cell adhesion regulates cell po-
sitioning and enhances directed cell migration as well as collective cell
movement in the intestinal crypt. Snapshots of cell distribution in the
model demonstrate that cell positioning in the crypt epithelium depends
on differential cell adhesion. By minimizing the surface free energy at
cell boundaries with differential adhesion, random forces from processes,
like cell growth and division can be resolved. Differential cell adhesion
allows cells having identical properties (e.g. age, proliferative potential)
to stay together and to be positioned in an ordered way, even though the
proliferative cells have to go through several cell divisions before reach-
ing differentiated state. When calculating the spatial correlation of the
cell velocity, the results found propose that the movement of distant cells
with differential adhesion is more highly correlated than distant cells with-
out differential adhesion. This indicates that the differential cell adhesion
helps to enhance collective movements of epithelial cells. The effects of cell
positioning (especially for proliferative cells) in collective cell movement of
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epithelial cells may be further explored in computational models and exper-
iments to help understand pattern formation or morphogenesis processes
in biological systems.
In addition, the trajectories of cells migrating from the bottom to the
top of the crypt show that, without any directional information provided to
the cells, the cells are still able to migrate persistently in a directed fashion
for long distances. Newly born proliferative cells located at the base of the
crypt moves vertically upward to the top of the crypt as they go through
several cell divisions and finally become differentiated. However, when no
differential adhesion is maintained, some of the proliferative cells are found
moving randomly to the bottom of the crypt. Comparison of migration
velocities of cells with and without differential adhesion also indicates that
differential cell adhesion helps to increase cell migration velocity in the
model. To know if this change in cell velocities can affect crypt turnover
time in vivo requires further experiments to be performed as crypt cell
homeostasis can be modulated by many other factors like cell proliferation
rate, cell apoptosis, crypt size, and crypt architecture.
In conclusion, with the two-dimensional crypt model, we can examine
the effects of cell-cell adhesion in regulating cell translocation and position-
ing and study the spatial dynamics in the crypt. The model, however, does








As reviewed in Section 1.4, crypts in small intestine and colon have test-
tube-like structure. Besides the fact that small intestine consists of villi and
crypts in the epithelium while colonic epithelium comprises only crypts,
there is a difference between the number of cells in the crypts of small
intestine and colon. In murine small intestine, there are about 250-300
cells in a crypt [78, 122]. On the other hand, it is estimated that there are
approximately 500 cells in a crypt in murine colon [72].
In both small intestine and colon, the baso-apical polarity of epithelial
cells is maintained in the epithelium. Fast dividing progenitor cells and
stem cells are located at the lower part of crypts while mature differentiated
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cells occupy the upper part of crypts. The cells are orderly positioned and
migrate from the bottom to the top of a crypt. However, despite this
similar distribution of proliferating and differentiated cells, epithelial cells
in small intestine and colon seem to maintain different dynamics. In the
work presented by Barker et al. [80], it was found that though Lgr5-labelled
stem cells are located at the crypt bottom in both small intestine and colon,
the colon stem cells are more often quiescent than their small-intestinal
counterparts. Whether the difference of crypt dynamics between the small
intestine and colon is related to the difference in the crypt depth remains
an interesting problem to be explored.
In the previous chapter, the importance of cell-cell adhesion in cell po-
sitioning and directed migration in the intestinal crypt have been empha-
sized. The two-dimensional model developed allows us to simulate cell
translocation by considering differential cell adhesion among cells of dif-
ferent types, and the results obtained demonstrate good approximation to
the experimental results shown in the literature [121]. However, to address
problems which involve crypt structure and the interactions between cells
and underlying substrate, a new model that can accommodate these fea-
tures of the crypt has to be considered. In this chapter, I would like to
present three-dimensional models to investigate the aspects of crypt dy-
namics that cannot be studied using the two-dimensional model.
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4.2 Motivation
4.2.1 Effects of cell-substrate adhesion
Cell-substrate adhesion has been shown to play important roles in regulat-
ing cell translocation [123, 124]. Cell adhesion to the substrate changes with
different stiffness of the substrate. Previous studies also found that cell-
substrate adhesions compete directly with cell-cell adhesions in determining
the interactions between cells and the environment [125]. Cells on stiff sub-
strate spread and migrate on the substrate. Upon collision with other cells,
the cells move away from one another. The cells on stiff substrate cannot
form three-dimensional aggregates even though at high density. On the
other hand, cells form aggregates in soft substrate possibly because the
cell-cell adhesion formed is much stronger than the cell-substrate adhesion
formed with soft substrate [125].
In addition to affecting cell adhesion, substrate stiffness can also affect
or direct cell migration. Random-walk cell migration velocity demonstrates
a biphasic dependence on substrate compliance [126]. Peyton and Putnam
[126] found that the maximal migration speed of smooth muscle cell hap-
pens on an intermediate stiffness substrate, too soft or too stiff substrate
can cause reduction in the migration speed. Besides that, Guo et al. [125]
showed that cells located at the boundary of substrate of different stiffness
tend to move from the softer substrate to the stiffer substrate, demonstrat-
ing the effect of substrate in directing cell migration.
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Using the new three-dimensional model, I would like to study the ef-
fects of cell-cell adhesion and cell-substrate adhesion in cell positioning and
directed migration in the intestinal crypt. By modulating cell-substrate ad-
hesion and the differential cell adhesion between cells of different types, I
investigate how the two adhesion factors control cell translocation.
4.2.2 The accumulation of cells with tumorigenic po-
tential
Collective cell movement is important in intestinal epithelium where the tis-
sue regenerates rapidly. The intestinal epithelium is in a steady state with
cell loss roughly matching cell production [127]. When the coordinated
migration of cells is affected, it is possible that this change of movement in
cells may contribute to abnormal accumulation of cells in the system. Pre-
vious studies [128] demonstrate that polyps are generally formed by Apc
deficient cells (with high level of EphB) at the top of the crypt where sur-
rounding normal cells express high level of ephrinB. EphB2 is found to be
expressed in colorectal cancer and may be a prognostic factor in colorectal
cancer as high level of EphB2 expression is associated with a longer mean
duration of survival [64]. Observations also imply that silencing of EphB
expression correlates to the acquisition of malignancy (tumour cell metas-
tasis) [15]. Low- and medium-grade tumours are enriched in EphB+ cells
while high-grade tumours are mostly EphB- [15]. Whether the cell adhe-
74
sion properties regulated by EphB and ephrinB in the crypt epithelial cells
play role in the polyp formation and cancer progression remains unknown.
ApcMin/+ mouse which contains a truncating mutation in the Apc gene
is a mouse model for human familial adenomatous polyposis (FAP). Ob-
servations made also show that a majority of intestinal polyps found in
the ApcMin/+ mice are located in the small intestine but rarely detected
in the colon [129]. Only microadenomatous lesions are found in the colon
of adult ApcMin/+ mice. Further research is necessary to identify the fac-
tors that account for the low incidence of colonic tumours in ApcMin/+
mice. Besides that, the distribution of tumours along the intestine found
in ApcMin/+ mice is also different from that in FAP. Most adenomatous
polyps in FAP patients arise in the colon [129].
Since the three-dimensional model can be used to model the epithelial
cell translocation modulated by cell-cell adhesion and cell-substrate adhe-
sion, by considering the scenario of aberrant cell adhesion in the model, I
am interested in finding out the role of cell adhesion in polyp formation
process.
4.3 Model
The three-dimensional crypt model is based on the CPM used in Chapter
3. Just like cells in the two-dimensional model, every cell in the three-
dimensional model is assigned a unique cell identity number σ(x, y, z),
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σ(x, y, z) ∈ {1, 2, 3, ..., N}, where N is the number of cell in the system
and (x, y, z) identifies a cubic lattice or voxel. Each cell is represented by a
group of voxels that carry the value of the cell identity number. These cells
with unique identity then form a test-tube-like structure that is similar to
the organisation of cells in the intestinal crypt (see Figure 4-1). The cells
are assigned with different cell types based on their positions. Similar to
the cell types defined in the two-dimensional model, seven cell types are
defined in the model (see Table 4.1). Cell type τ of cell σ is represented
as τ(σ). In addition to the various cell types defined previously in Chapter
3, in order to include the extracellular matrix and the intestinal lumen in
the three-dimensional model, the extracellular matrix and the lumen are
represented as two special entities that have their own type properties. The
extracellular matrix occupies the space below the basal surface of the cells
while the intestinal lumen fills up the space above the apical surface of the
cells.
Table 4.1: Cell types defined in the three-dimensional model
τ Type
L the intestinal lumen
X the underlying extra-cellular matrix
P Paneth cell
S stem cell
TA1 transit amplifying cell 1
TA2 transit amplifying cell 2
TA3 transit amplifying cell 3
TA4 transit amplifying cell 4
D differentiated postmitotic cell
In the three-dimensional model, the energy of the interactions between
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Figure 4-1: Initial cell condition for the three-dimensional model
s1. (A) Test-tube-like structure formed by the cells in the model. (B) Cells
in the structure are assigned to different cell types based on their positions
in the crypt.
cells can be represented by the Hamiltonian H which contains terms for ad-
hesion Eadhesion, cell volume constraint Evolume and surface area constraint
Esurface.
H = Eadhesion + Evolume + Esurface, (4.1)
Cell adhesion energy is described by cell-type-dependent surface energy
term, Eadhesion, as a function of the cell types (τ and τ









where J(τ, τ ′) is the surface energy per unit contact area. The Kronecker
delta term δσ(x,y,z),σ(x′,y′,z′) defines that the energy zero within a cell is zero.
The surface energy at cell interface depends only on the type of cell. Cells
belonging to the same cell type carry the same adhesion properties.
Besides the cell-type-dependent surface energy which is used to simulate
cell-cell adhesion and cell-substrate adhesion, a volume constraint energy
term and a surface area constraint energy term are used to constrain cell size
and surface area. Each cell has a volume-dependent energy term (Evolume)






where τ(σ) is the cell type associated with the cell σ, v(σ) the current vol-
ume of a cell σ, and Vτ is the target volume for cells of type τ . All cells of
a given type have the same target volume. λvolume is the volume elasticity
which describes the volume conservation caused by the viscoelastic prop-
erties of the cell [130], thus, cells more stringently keep their target volume
for larger value of λvolume.
The intestinal epithelial cells are baso-apical polarised cells. Therefore,
each cell has its apical surface faces the intestinal lumen, basal surface
interacts with the underlying extracellular matrix, and the lateral plasma
membrane surface faces the adjacent cells. To maintain the baso-apical
polarity of epithelial crypt cells, we divide the surface area constraint energy
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where λi, i ∈ {apical, basal, lateral} represents membrane elasticity of
cell, si, i ∈ {apical, basal, lateral} is the current surface area, Si, i ∈ {apical,
basal, lateral} is the target surface area.
Cell growth, cell differentiation and cell division are described in the
model. When the defined cell cycle is completed and the cell reaches a
threshold volume size, the cell divides into two cells with the same volume
and differentiates. A new cell identity is assigned to one of the new cells.
So, when a stem cell S divides, it produces one TA1 daughter cell and one
stem cell. A TA1 cell produces two TA2 cell; a TA2 cell produces two TA3
cells; a TA3 cell produces two TA4 cells and finally a TA4 cell divides into
two differentiated D cells. The cell cycle time of stem cells is assumed to
be 17 ± 1 hours and the transit population has cycle times ranging from
12 to 14 hours [112, 77]. Cells leaving the system are modelled by setting
their target cell volumes to zero.
The evolution of the cells in the model follows the Monte Carlo-Boltzmann-
Metropolis dynamics. The cells in the model rearrange their positions and
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morphology to minimise the energy in the system. Just like cells in the two-
dimensional model, for cells in the three-dimensional CPM, a voxel (x, y, z)
is chosen randomly at each step. Then, a neighboring voxel (x′, y′, z′) is
randomly selected from the 26 nearest neighboring sites. The value of
σ(x, y, z) may be updated to the value of σ′(x′, j′, z′) with Monte Carlo
probability P :
P (σ(x, y, z)→ σ′(x′, y′, z′)) =


e(−∆H/T ), ∆H > 0,
1, ∆H ≤ 0
(4.5)
where ∆H is the gain in energy after the change, and T is a “temperature”
that corresponds to the amplitude of the cell membrane fluctuations.
The three-dimensional model can simulate epithelial cell movement in
an environment similar to the in vivo crypt architecture. However, since
the model is in three dimensions, much more computing time is required for
simulations compared to the two-dimensional modeling. To have enough
computing power for the simulations, the high performance computing
(HPC) system provided by the Supercomputing & Visualisation Unit, Com-
puter Center, National University of Singapore is used. The HPC system
allows batch jobs to be submitted and processed, though due to huge de-
mand on the computing power, limited resources is allocated to each user.
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4.3.1 Parameters
The three-dimensional CPM model is performed on a 100 × 100 × 240
three-dimensional voxel. For the model s1 which aims to model murine
small intestinal crypt, N is set to 387 (including the cells in the crypt and
the cells at the top facing the intestinal lumen). There are approximately
330 cells in the crypt. The target cell volume Vτ(σ) is 1240 voxels for cells
of type S, TA1, TA2, TA3, TA4 and D, while the target cell volume of
type P cell is 1580 voxels. The surface area is calculated as the summation
of total number of neighbours each boundary voxel has. Cells of type
S, TA1, TA2, TA3, TA4 and D have their target total surface area S
(S = Sapical + Sbasal + Slateral) set to 6800 voxels and cells of type P have
their target total surface area S set to 8100 voxels. It is assumed that 13%
of S is Sbasal and 10% of S is Sapical.
Values of λ used in the simulations are given in Table 4.2.
Table 4.2: Parameter values of λ used
τ λvolume λapical λbasal λlateral
L 0 0 0 0
X 0.5 0 0 0
P 1 1 0.05 0.05
S 5 1 0.05 0.05
TA1 1 1 0.05 0.05
TA2 1 1 0.05 0.05
TA3 1 1 0.05 0.05
TA4 1 1 0.05 0.05
D 1 1 0.05 0.05
Cells double their cell size for cell division. When cells touch the side
boundary of the model, their target cell volume is set to zero to simulate
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loss of cells in the system.
In the three-dimensional model, every cell actively explore their sur-
roundings. The parameter T is set to 10 for every voxels at cell boundary
except that voxels interact with the substrate have more membrane fluctu-
ations with T = 30.
Similar to the two-dimensional model, time is measured in Monte Carlo
steps (MCS) in the three-dimensional model. One MCS consists of x at-
tempts to update voxels in the three-dimensional model, x = 41× the total
number of voxels. To set the time scale for cell division in the model, one
MCS is calibrated to be 0.1 hour.
4.4 Effects of cell-substrate adhesion
The three-dimensional model aims to study the effects of cell-substrate
adhesion to the translocation of epithelial crypt cells in addition to the
cell-cell adhesion studied in the previous two-dimensional model. For this,
the simulations are divided into two parts. First, the differential adhesion
which is used previously in the two-dimensional model is introduced into
the cells in the three-dimensional model to study cell translocation and
positioning when crypt structure is maintained. Then, I focus on the ratio
of the cell-substrate adhesion strength to cell-cell adhesion strength in the
model to investigate the effects of cell adhesion in motility.
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4.4.1 Differential cell adhesion
In the previous chapter, a two-dimensional model has been used to inves-
tigate the effects of cell-cell adhesion in cell positioning and cell translo-
cation. The results obtained show that by considering differential cell-cell
adhesion based on variation of EphB/ephrinB interactions in the intesti-
nal crypt, epithelial cells in the system maintain their ordered positioning
while moving upwards to the top of the crypt. To further understand the
epithelial cell movement, cell-substrate adhesion is considered using the
three-dimensional model.
By manipulating the values of surface energy per unit contact area,
J(τ, τ ′), in Equation (4.2), different cell adhesion strengths can be assigned
to cells of different types. The differential cell-cell adhesion of various cell
types in this model is similar to the differential cell-cell adhesion used in the
two-dimensional model in Figure 3-2. The surface energy of Paneth cells
is modified to be identical to the surface energy of stem cells so that stem
cells can be located among Paneth cells while no other constraint is used to
limit stem cell position. This assumption is possible because both Paneth
cells and crypt base columnar cells express EphB at the crypt bottom [13];
besides that, latest experimental results also suggest that a specialized
stem cell niche is not required to anchor and support the intestinal stem
cells [131]. In addition to the surface energy between cells, surface energy
between cell and extracellular and surface energy between cell and lumen
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are also considered in the three-dimensional model. Figure 4-2 shows the
values of J(τ, τ ′) used.
Figure 4-2: J(τ, τ ′) in the 3D-model.
Besides the differential cell-cell adhesion studied previously in the two-
dimensional models (details given in Chapter 3), differential cell-substrate
adhesion is considered here. Distribution of laminins and their correspond-
ing integrins along the crypt-villus axis of the human and mouse small intes-
tine demonstrates differential expression of these proteins in the intestinal
epithelium [132, 133]; thus, possibly causing differential cell-substrate ad-
hesion for cells in the intestinal epithelium. Previous experimental data
also shows that activation of Eph receptors by low density clustered ephrin
promotes integrin regulated adhesion but activation by high density clus-
tered ephrin reduces integrin adhesion [52]. Therefore, in Figure 4-2 cell-
substrate adhesion regulated by integrin is strongest in cells at the bottom
of the crypt and decreases as ephrin in cells increases. TA3 cells have
the weakest cell-substrate adhesion as it is assumed that Eph activation is
strongest in these cells.
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With other parameters set as described in Section 4.3.1, the results from
the three-dimensional model (Figure 4-3) show that with differential cell-
cell adhesion and differential cell-substrate adhesion, cell velocity in the
simulations approximate the experimental values in the literature [112].
Figure 4-3 demonstrates that the magnitude of cell velocity varies for cells
at different positions. As the cells move upwards and approach the top of
the crypt, the cell velocity becomes more than one cell diameter per hour.



























simulations with differential cell−substrate adhesion
Figure 4-3: Mean migration velocity of cells with differential cell-
substrate adhesion in the three-dimensional model. In addition to
the differential cell-cell adhesion, strength of cell-substrate adhesion varies
based on the type of cells.
In the three-dimensional model, crypt cell homeostasis is maintained
(see Figure 4-4) and thus a steady state is reached as the number of cells
leaving the system is equal to the number of cells generated through cell
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division. The trajectories of cells in Figure 4-5 show that the cells move
vertically upwards towards the top of the crypt (see Figure 4-5).
























Figure 4-4: The mean number of cells of different types obtained
from the three-dimensional model. The number of cells of different
types from the initial condition is compared to the number of cells of dif-
ferent types obtained after simulations with differential cell adhesion. The
number of cells in every cell population is maintained through the simula-
tions.
Although the cell velocities found with differential cell-substrate ad-
hesion and cell-cell adhesion match the observations from experiments,
it would be interesting to check if differential cell-substrate is necessary
to maintain directed cell translocation and correct cell positioning, when
recent findings have shown that single Lgr5 stem cell is able to develop
crypt-villus structure organoid in vitro in the absence of a mesenchymal
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Figure 4-5: The migration trajectories of cells. The migration tra-
jectories of cells show that cells move vertically upwards in the three-
dimensional model. The arrows indicate the direction of migration. The
colour of the cell demonstrate the cell type at that particular time point.
niche [131]. Laminin-rich Matrigel is used to support intestinal epithelial
growth and staining with E-cadherin shows that a single cell layer is formed
[131]. In addition, the organoids in the Matrigel comprise more than 40
crypt domains surrounding a central lumen lined by a villus-like epithelium.
The results from [131] provide evidence that positional cues from the envi-
ronment are not required to generate a continuously expanding structure
reminiscent of normal gut in vitro.
To investigate intestinal cell movement when no differential cell-substrate
adhesion is maintained, the model parameters are modified so that all cells
have identical cell-substrate adhesion throughout the simulations. The
mean velocities of cells in the simulations are measured and shown in Figure
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4-6. From the data plotted, we can see that the velocity of cells with ho-
mogeneous cell-substrate adhesion (J(cell,substrate) = 10) is similar to the
velocity of cells with differential cell-substrate adhesion for cells located
at the bottom and the middle of the crypt. The cells at the top of the
crypt move faster when homogeneous cell-substrate adhesion is considered.
To study how cell-cell adhesion and cell-substrate adhesion regulate cell
translocation, more simulations are performed in the next section.

























with differential cell−substrate adhesion
with homogeneous cell−substrate adhesion
Figure 4-6: Comparison of the mean migration velocity of cells
with and without differential cell-substrate adhesion. When homo-
geneous cell-substrate adhesion is considered, the cell velocity is increased.
Here, J(cell,substrate) = 10 is used for the homogeneous cell-substrate ad-
hesion simulations.
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4.4.2 Cell-substrate adhesion vs. cell-cell adhesion
With the assumption that all cells in the model have the same cell-cell
adhesion and cell-substrate adhesion, that is all cells belong to one cell
type, I concentrate on studying the effects of cell-substrate adhesion and
cell-cell adhesion in cell translocation. I investigate how the two adhesion
factors compete to control cell translocation by modulating cell-substrate
adhesion and the cell adhesion between cells.
The initial condition of cells are as shown in Figure 4-1A. All other
parameters (except cell-cell adhesion and cell-substrate adhesion) are the
same as in Section 4.3.1. The cells considered in this section have homo-
geneous cell-cell adhesion and cell-substrate adhesion. For cell velocities
plotted in Figure 4-7, the surface energy parameters are as listed in Table
4.3
Table 4.3: Homogeneous cell adhesion: parameter values
surface energy per unit contact area
Case cell-cell cell-substrate cell-lumen
1 10 20 50
2 10 30 50
3 10 40 50
In this case, the cell-cell adhesion remains unchanged (J(cell,cell) =
10) and cell-substrate adhesion is varied. The results demonstrate that
the magnitude of cell velocity increases as cell-substrate adhesion becomes
stronger (see Figure 4-7). Figure 4-7 also shows that when the cell-substrate
adhesion is much weaker (J(cell,substrate)=40) than the cell-cell adhesion,
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the difference between the magnitude of velocity for cells at the base of
the crypt and cells at the top of the crypt becomes smaller. As the cells
with homogeneous cell adhesion, J(cell,substrate) = 20, moves faster than
the cells which are in steady state in Figure 4-3, the crypt homeostasis is
no longer maintained and the crypt becomes shorter as the number of cells
moving out is larger than the number of cells generated.
































Figure 4-7: Mean migration velocity of cells with homogeneous
cell-cell adhesion and cell-substrate adhesion. The surface energy
between cells, J(cell,cell), is set to 10 while the surface energy between cell
and substrate, J(cell,substrate), is set to the values: 20, 30, 40. Difference
in the magnitude of velocity is caused by the changes in cell-substrate
adhesion strength.
Further analysis on the effects of cell-substrate adhesion suggests that
cell velocity is dependent on the strength of cell-substrate adhesion when
other parameters remain unchanged (Figure 4-8). This shows that intesti-
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nal epithelial cells in the model behave similarly to cells in previous experi-
ments which have their movements regulated by underlying substrate [123].
A biphasic relationship between cell velocity and cell-substrate adhesion is
found in Figure 4-8 even though the polarised epithelial cells considered
in the model move collectively as a group and do not seem to have estab-
lished lamellipodia to drive cell movement. As the cell-substrate adhesion
becomes stronger (J(cell,substrate) becomes smaller), the cell velocity be-
comes faster (Figure 4-8). This continues until the cell-substrate adhesion
is so strong that it starts to prevent cell movement. Comparing the two
graphs in Figure 4-8, we can also see that though both graphs show a
biphasic relationship between cell velocity and cell-substrate adhesion, the
peak of velocity in the graphs is located at different J(cell,substrate) values
due to difference in J(cell,cell).
Graphs in Figure 4-9 demonstrate that when the value of J(cell,substrate)
which governs the cell-substrate adhesion is fixed at 10 (Figure 4-9A) and
20 (Figure 4-9B), the cell velocity increases as cell-cell adhesion becomes
stronger (J(cell,cell) becomes smaller) in the homogeneous cell adhesion
model. This is probably because stronger cell-cell adhesion allows the cells
to move together (highly coordinated) towards the top of the crypt when
one (or more) of the neighbouring cells move upwards. On the contrary,
weak cell-cell adhesion may cause the cells to move in different directions
and thus create conflicts that reduce overall cell migration velocity.


































































Figure 4-8: Cell velocity vs. J(cell,substrate) . The velocities of
cells at different positions in the crypt (the base, middle, and top of the







































































Figure 4-9: Cell velocity vs. J(cell,cell) . The effect of cell-cell adhesion
to cell movement is studied. The velocities of cells at different positions in
the crypt (the base, middle, and top of the crypt) are plotted.
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substrate adhesion and cell-cell adhesion play their roles in regulating the
velocity of cells. As mentioned earlier, if cell cycle time remains unchanged,
homogeneous cell-adhesion may break the balance between the number of
cells moving out the crypt and the number of cells generated in the crypt.
Since the crypt homeostasis requires stringent control of cell translocation
and cell proliferation, the differential cell adhesion preserved by cells in
the crypt is responsible for the differential cell velocity so that some cells
are stationary at the base while other cells move faster towards the top of
the crypt. It is also possible that there is a feedback system maintained
in the system to ensure that changes in cell velocity can be detected by
proliferative cells; however, this will require further experiments to verify.
4.5 Polyp formation in the crypt
According to data published by the World Health Organization (WHO)
[134], cancer is a leading cause of death worldwide. Among the main types
of cancer leading to cancer mortality each year, colorectal cancer accounted
for 639 000 deaths worldwide. The constant process of cell renewal and the
huge amount of daily cell proliferation may be the reasons causing the
frequent occurrences of carcinogenesis in the gastrointestinal tract.
The colorectal carcinogenesis consists of multiple well-characterised mor-
phological stages which include polyps, benign adenomas and carcinomas
[135]. Mutation in the recessive tumour suppressor gene APC (Adenoma-
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tous polyposis coli) has been found to be an early event during tumori-
genesis [136]. Most of the cells in a polyp contain loss of APC function.
Recently, Barker et al. have shown that the deletion of Apc in Lgr5 -positive
stem cells leads to transformation of cells that contribute to growing mi-
croadenoma in mouse [137]. Unlike the distribution of tumours in human
intestine which focus at the colon, most of the tumours in the mutated
mice (ApcMin/+) are located in the small intestine [129]. ApcMin/+ mouse,
which contains a truncating mutation in the Apc gene, is a mouse model
for human familial adenomatos polyposis (FAP).
According to Oshima et al. [128], the process of polyp formation in both
small intestine and colon starts with the development of an outpocketing
pouch in the crypt. They also found that “the early adenomas in the
Apc∆716 polyps are very similar to the normal proliferating cells of the
crypt except for the lack of directed migration along the crypt-villus axis”
[128]. Therefore, I am interested to use the three-dimensional model to
study the effects cell proliferation and cell adhesion may have in polyp
formation of intestinal epithelium.
4.5.1 Aberrant accumulation of cells in the small in-
testine
EphB, which has been found to be able to regulate cell-cell adhesion, cell-
substrate adhesion and cytoskeletal organisation [14], is said to be a prog-
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nostic factor in colorectal cancer [64]. To investigate if aberrant cell-cell
adhesion and cell-substrate adhesion contribute to accumulation of cells
with tumorigenic potential in the intestine, several “mutated” cells are cre-
ated. The adhesion properties of these cells are adjusted to study the cell
behaviours. These cells are located at the boundary of differentiated cells
(D) and proliferative cells (TA4) because polyps are frequently found at the
top of the crypt where high level of ephrinB expression is detected [128].
Simulation results from the three-dimensional model s1 by considering
differential cell adhesion in Figure 4-2 show that when several “mutated”
cells with the adhesion properties of stem cells are placed at the upper
top part of the crypt, the cell movements of these cells do not seem to
coordinate with the movements of other cells surrounding them. Instead
of moving upwards with neighbouring cells, the “mutated” stem cells stay
behind. By comparing the migration velocity of these “mutated” stem
cells with the velocity of neighbouring normal cells (Figure 4-10), we can
see that the migration velocity of “mutated” stem cells towards the top of
the crypt is close to zero while the velocity of neighbouring cells is similar to
the cell velocity shown in Figure 4-3. Figure 4-11 shows the accumulation
process of these “mutated” stem cells at the upper part of the crypt as these
“mutated” do not move towards the top of the crypt. As time passed, these
“mutated”’ stem cells seemed to invaginate into the underlying substrate.
To verify that the invagination of “mutated” cells into the substrate





























Figure 4-10: Migration velocity of “mutated” stem cells and their
neighbouring cells. The velocity of “mutated” stem cells is much lower
than the velocity of neighbouring cells.
Figure 4-11: The accumulation of “mutated” stem cells in the in-
testinal crypt at different time points. The “mutated” stem cells
accumulated at the upper part of the crypt and invaginated into the extra-
cellular matrix.
adhesion properties of TA4 cells are added to the location of the previous
“mutated” stem cells. Simulation results demonstrate that the velocity of
“mutated” TA4 cells moving towards the top of the crypt is a lot higher
than the velocity of “mutated” stem cells in Figure 4-10. With velocity
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comparable to the neighbouring cells, “mutated” TA4 cells are not piled




























Figure 4-12: Migration velocity of “mutated” TA4 cells and their
neighbouring cells. The velocity of “mutated” TA4 cells approximates
the velocity of neighbouring cells.
Figure 4-13: The “mutated” TA4 cells migrate upwards in the
crypt. As time passed, the “mutated” TA4 cells move upwards towards
the top of the crypt. No accumulation of the “mutate” TA4 cells can be
found.
The simulations predict that by modifying the adhesion properties of
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cells, the cell movement can be affected. In this case, aberrant accumulation
and positioning of cells are caused by the change of cell adhesion strength
in the “mutated” stem cells.
4.5.2 Crypt depth and cell translocation
A colonic crypt contains more cells than a small intestinal crypt, thus
resulting in greater crypt depth. To study if crypt depth can influence cell
translocation and cell dynamics in the crypt, the three-dimensional model
s1 is modified to create two crypt models: c1 and c2, which comprise more
cells and thus have larger depth. Figure 4-14 shows the three-dimensional
model crypt with greater depth. These cells are coloured based on their
types defined in Table 4.1. The deeper crypt generated contains ≈ 450 cells.
In model c1, the number of proliferative cells (e.g. cells belong to type S,
TA1, TA2, TA3 and TA4) is less than half of the number of total cells in
the crypt. On the other hand, in model c2, the number of proliferative
cells is 28% more than the number of proliferative cells in model c1 and
the number of differentiated cells is equal to the number of differentiated
cells in model s1. The number of cells in each cell type is shown in Figure
4-15. Cells in model c1 and model c2 use the surface energy J matrix in
Figure 4-2.
As the number of cells in models c1 and c2 is greater than the number
of cells in the small intestinal crypt model s1, the parameter values have
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Figure 4-14: Three-dimensional crypt models with greater depth
and more cells than model s1. (A) Initial cell condition in the crypt
structure which comprises more cells than the small intestinal crypt in
model s1. (B) Model c1. (C) Model c2. Cells in (B) and (C) are coloured
based on the cell type assigned.
Figure 4-15: Cell populations in model c1 and model c2 The number
of proliferative cells in model c2 is more than the number of proliferative
cells in model c1 .
been adjusted so that crypt homeostasis can be maintained. In model c1,
all proliferative cells (e.g. stem cells and transit-amplifying cells) have their
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cell cycle time double the cell cycle time used in model s1 and the value of T
that controls the amplitude of cell membrane fluctuations on the substrate
reduced by half, so that the rate of production of new cells can equal to the
loss of cells. This assumption helps to simulate the scenario where the cells
in the colon divide less frequently than their small intestine counterparts
[80] and the proliferative activity in the colon is approximately half that
of the small intestine [138]. On the other hand, in model c2, in order to
maintain crypt homeostasis, the cell cycle time is 35% shorter than the
cycle time in model c1 and the value of T remains identical to the value
used in model s1. These modifications suggest that cells need to maintain
different dynamics to achieve homeostasis in crypt of different depths and
different numbers of proliferative cells.
The velocities of cells in models c1 and c2 are plotted in Figure 4-16.
The cells in model c1 and model c2 move slower than the cells in model
s1. Cells located at the upper part of the crypt in model c2 move faster
than cells at the same locations in model c1.
Again, to test if cell adhesion can contribute to accumulation of cells at
the upper part of crypt, several “mutated” cells are assigned to the models.
When “mutated” TA4 cells are added to the models (see Figure 4-17), no
invagination into the substrate can be found in both model c1 and model
c2. This demonstrates that even though the models use cells with different
cell cycle time, the “mutated” TA4 cells in the models behave similarly and
no cells invade the underlying substrate.
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Figure 4-16: Mean cell velocities in models s1,c1 and c2. The
velocity of cells in model c1 is lowest among the three models.
Since “mutated” stem cells in model s1 possess the ability to invade the
extracellular matrix, I am interested to know if “mutated”’ stem cells in
deeper crypt can spread into the underlying substrate. Figure 4-18 shows
that “mutated” stem cells in model c2 form an outpocketing pouch that
expand into the extracellular matrix while “mutated” stem cells in model c1
though form a cluster of their own type do not seem to grow deep into the
extracellular matrix. These results demonstrate an interesting difference in
cell behaviours.
Further analysis based on the measurement of the cell velocity suggests
that this difference in “mutated” stem cell behaviours may be caused by




Figure 4-17: The migration of “mutated” TA4 cells in (A) model c1 and
(B) model c2.
velocity towards the top of the crypt is very small (close to zero) (Figure
4-19A). On the other hand, in model c1, the “mutated” stem cells (Figure 4-
19B) move around 20 times faster than the “mutated” stem cells in model
c2 towards the top of the crypt. Also as shown in Figure 4-16, the cell
velocities at upper part of the crypt in model c1 are slower than the cell
velocities found in model c2. As a result, “mutated” stem cells in model c2
may be forced to invaginate into the underlying substrate while “mutated”
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stem cells in model c1 can still move very slowly towards the top of the
crypt and thus are less pushed into the underlying substrate.
The “mutated” cells with TA4 cell properties in model c1 and c2 fit in
better with their neighbours and move upwards towards the top of the crypt
(Figures 4-19C and 4-19D). Thus, “mutated” TA4 cells do not invaginate
into the extracellular matrix.
(A)
(B)




















































































































Figure 4-19: Migration velocity of “mutated” cells and their neigh-
bouring cells. (A, C) Migration velocity of “mutated” cells in model c2.
(B, D) Migration velocity of “mutated” cells in model c1.
4.6 Discussion
Section 4.4 describes the effects of cell-substrate adhesion in regulating cell
translocation and cell positioning in the intestinal crypt epithelium. With
differential cell-cell adhesion and differential cell-substrate adhesion, cells in
the intestinal crypt are able to demonstrate cell behaviours similar to cells
in vivo. While cells in the model move collectively in a highly directed and
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persistent fashion, their movements resemble the movements of random-
walk single cell in vitro in which a biphasic relationship between cell velocity
and cell-substrate adhesion can be identified. Furthermore, as the cell-cell
adhesion properties are manipulated in the model, it is showed that the
cell velocity increases as cell-cell adhesion becomes stronger. Simulation
results from the three-dimensional model also suggest that cell-cell adhesion
and cell-substrate adhesion of cells in the intestinal crypt epithelium are
coordinated to regulate the cell velocity and positioning as well as control
the rate of cell moving out of the system.
Section 4.5 aims to study how cell adhesion, crypt architecture and
spatial positioning of cells can contribute to the formation of polyp in the
intestinal crypt. The simulations in model s1 which models epithelial cells
in small intestinal crypt reveal that when cells with adhesion properties of
stem cells are put at the upper part of the crypt, these cells are able to
invaginate into the underlying substrate. Though excessive growth of cells
indicates that cell proliferation is important in the polyp formation process,
increased cell proliferation at the upper part of crypt alone, however, is
not enough to trigger invagination into the substrate. The aberrant cell
movement regulated by cell adhesion is critical to break the coordinated
cell movement maintained in the epithelium. The “mutated” stem cells are
able to invade the substrate as they are compartmentalised to proliferate in
their positions when the neighbouring cells continue moving to the top of
the crypt. As mutant cells accumulate in the epithelium, the crypt becomes
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dysplastic.
Model s1 has also been modified to create two models: c1 and c2, which
contain more cells in the crypt structure to investigate cell translocation
with greater crypt depth. Though the two models have same crypt depth,
the number of proliferative cells in model c2 is more than the number of
proliferative cells in model c1. And, because of this difference in total
proliferation rate, the cells in the models need to maintain different cell
cycle time in order to preserve crypt homeostasis. In model c1 where cells
move slower than cells in model c2, the “mutated” stem cells seem to have
better movement coordination with their neighbours and they tend not to
grow deep into the underlying substrate. This is different from the situation
in model c2 where cells proliferate faster and move faster. The “mutated”
stem cells in model c2 invaginate quickly into the underlying substrate.
Finally, several factors that can affect the polyp formation at the upper
part of the crypt have been identified. These factors are:
• Cell adhesion. Cell adhesion helps to direct cell movement and reg-
ulate cell velocity in the models. It also controls the sorting of cells
with different adhesion properties. In the small intestinal model s1,
“mutated” cells with the adhesion properties of stem cells can invagi-
nate into the substrate while “mutated” cells with TA4 cell properties
cannot.
• Number of proliferative cells. In model c2 with more proliferative
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cells than model c1 in steady state, cells with aberrant stem cell
properties can invade the underlying substrate.
• Cell division rate. For cells to form polyp in the substrate, abnormal
growth of cells need to be achieved. Cells with higher cell division





This chapter first concludes the thesis with a summary of the contributions
of the research made (Section 5.1). Then, in Section 5.2 possible future
work is suggested. Finally, we will end with some final remarks in Section
5.3.
5.1 Summary
The regenerative intestinal epithelium is a good model for studying collec-
tive cell movement and tissue dynamics. Epithelial cells in the intestinal
crypt move orderly from the bottom of the crypt towards the top of the
crypt. During the translocation, these cells may go through several cell di-
visions before they become differentiated at the top of the crypt. While live
imaging of these processes in vivo remains a challenge, I have attempted
to use computational modelling to elucidate collective cell movement and
109
dynamics in the intestinal crypt.
The major results from the computational models are summarised as
follows:
1. Differential cell-cell adhesion sorts the cells in the intestinal crypt.
Besides that, differential cell-cell adhesion helps to enhance correlated
movement in the two-dimensional crypt model. As a result, cells of
different types with respective adhesion properties are able to move
orderly without mixing with others as they translocate from the base
to the top of the crypt. When the cells in the two-dimensional crypt
model lose the differential cell-cell adhesion, the differentiated cells
intermingle with the proliferative cells and the Paneth cells no longer
remain at the base of the crypt as they can be found at various
positions. These cells in the model demonstrate behaviours that are
similar to the results obtained in previous experiments [13].
2. Three-dimensional models have been developed to study the effects
of cell-substrate adhesion in the intestinal crypt. By varying the
parameters that control cell-adhesion and cell-substrate adhesion, it
is found that both cell-cell adhesion and cell-substrate can modu-
late cell migration. A biphasic relationship between cell velocity and
cell-substrate adhesion has been identified. In addition to that, cell
velocity increases as the adhesion between cells increases. It is possi-
ble that cell movement becomes more coordinated and thus helps to
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improve cell velocity as cell-cell adhesion grows stronger.
3. By assigning several “mutated” cells with stem cell properties to the
upper part of the crypt, it is observed that these cells are capable
of invaginating into the underlying substrate and triggering the for-
mation of polyp. In the three-dimensional small intestine model, cell
adhesion has been found to play critical roles in the formation of
polyp as it contributes to the positioning of the “mutated” cells and
responsible for the difference in velocity between “mutated” cells and
their neighbours.
4. For normal crypt homeostasis, the rate of production of new cells
must equal to the loss of cells in the system. Crypt homeostasis
requires stringent control in cell proliferation, and cell migration rate.
In the models with increased number of cells and greater crypt depth,
the cell dynamics need to be adjusted in order to accommodate the
effects of these changes. When proliferative cells are less than half of
the cells in the crypt, these cells can maintain lower cell division rate
and have slower velocity. But, when the number of proliferative cells
is increased, higher cell division rate is required and cells move faster
in the crypt.
5. Further analysis shows that in addition to cell adhesion, number of
proliferative cells and cell division rate are important factors in polyp
formation of the intestinal epithelium. In the crypt with less than half
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of the population are proliferative cells, the magnitude of the cell
velocity is small and cell proliferation rate is low. Cells with aber-
rant adhesion properties move slowly and thus have more coordinated
movement with their neighbours.
5.2 Future work
The models developed show that homeostasis in the crypt is vulnerable
to changes in cell proliferation rate and the rate of cell loss. Currently,
cells in the models perform cell division following the fixed cell cycle time
set, therefore, may not be responsive to changes in cell movement caused
by other factors (e.g. cell adhesion). As a result, crypt homeostasis is
not always maintained when there is significant increase or decrease in cell
migration velocity. To handle this problem, one possible solution is to
extend the model to include a feedback system so that cells can regulate
cell cycle time based on changes detected. However, little information is
currently known about the mechanisms of feedback system in the crypt.
For this, more understanding of cell behaviours is necessary before a correct
feedback system in the intestinal crypt cells can be implemented.
Besides that, to make the models more adaptive to changes that may
happen, instead of fixing the number of cell division a cell can go through,
cells in the models could be given the authority to decide when to differenti-
ate based on gene/protein regulation in the cells (which can be incorporated
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into the models through differential equations) and environmental informa-
tion from the feedback system. In this case, the models could be used to
study crypt cell behaviours during intestinal hyperplasia and hypoplasia.
The computational work done has tried to identify significant factors
that regulate the collective movement and positioning of cells in the intesti-
nal crypt epithelium. Based on the data from experiments presented in the
literature, assumptions have been made to simulate cell behaviours in the
crypt. It is believed the iterative cycles between quantitative models and
experiments will help to refine the models to make better predictions and
analyses. Therefore, it is important that the in silico model predictions be
tested and validated through in vivo or in vitro experiments.
While it is proposed that cell adhesion plays important roles in regulat-
ing cell behaviours in the intestinal crypt, more rigorous methods have to
be applied to measure the actual adhesion strength in vivo. Measurements
of cell-cell adhesion in cell pairs and cell-substrate adhesion in individual
cells may not be sufficient as epithelial cells intensively interact with their
neighbours and move collectively to function.
The Lgr5 stem cell organoid culture system described by Sato et al.
[131] may provide a solution to study intestinal epithelial cell behaviours
in-vitro. While previous experiments show that epithelial cells of the same
type form spheroids in 3D Matrigel cell culture [139, 140], it was found that
single sorted Lgr5-positive stem cells can generate intestinal crypt-villus
organoids in Matrigel-based cultures [131]. It is interesting to investigate
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the factors that lead to crypt-villus structure in the Matrigel culture system.
By modulating the properties of cells (e.g. overexpress/knockdown genes
that regulate cell adhesive molecules) in the crypt-villus organoids, we can
study the effects of cell adhesion and monitor the morphological changes in
intestinal crypt-villus organoids. As the expression of adhesion molecules
(e.g. E-cadhesion, integrins) of cells at different positions in the intestinal
crypt epithelium remains unclear, the in-vitro crypt-villus structure system
may provide a solution to check the validity of adhesion strength parameters
used in this thesis. The results from cell culture can then be applied to
design in vivo experiments to understand intestinal epithelial cell behaviors
in vivo.
As cell adhesion, the number of proliferative cells in the crypt and cell
division rate have been proposed to be important factors in the formation
of polyp, it would be interesting to test the effects of these factors in ex-
periments and hopefully from there search for possible solutions to prevent
polyp formation.
5.3 Final remarks
In this thesis, I have built computational models that allow us to study the
directed migration, cell positioning, and polyp formation in the intestinal
crypt. These processes are found to be regulated by differential cell-cell
adhesion and cell-substrate adhesion maintained by epithelial cells in the
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intestinal crypt. In addition to that, cell proliferation also play important
role in the formation of polyp in the crypt. As in vivo live imaging tech-
niques become more advanced, I hope that the results from the modelling
work can be validated and further extended based on new experimental
data observed. And, finally from these multidisciplinary efforts, systematic




[1] R. B. Vaughan and J. P. Trinkaus. Movements of epithelial cell sheets
in vitro. J. Cell Sci, 1:407–413, 1966.
[2] Dorland’s Medical Dictionary. epithelium.
[3] M. Poujade, E. Grasland-Mongrain, A. Hertzog, J. Jouanneau,
P. Chavrier, B. Ladoux, A. Buguin, and P. Silberzan. Collective
migration of an epithelial monolayer in response to a model wound.
Proc. Natl. Acad. Sci., 104:15988–15993, 2007.
[4] Peter Friedl and Darren Gilmour. Collective cell migration in mor-
phogenesis, regeneration and cancer. Nature Reviews Molecular Cell
Biology, 10:445–457, 2009.
[5] A. J. Ridley, M. A. Schwartz, K. Burridge, R. A. Firtel, M. H. Gins-
berg, G. Borisy, J. T. Parsons, and A. R. Horwitz. Cell migration:
Integrating signals from front to back. Science, 302(5651):1704–1709,
2003.
[6] D. Bray. Cell Movements: From Molecules to Motility. Garland, New
York, 2001.
[7] R. J. Petrie, A. D. Doyle, and K. M. Yamada. Random versus di-
rectionally persistent cell migration. Nature Reviews Molecular Cell
Biology, 10:538–549, 2009.
[8] P. Rorth. Collective guidance of collective cell migration. Trends Cell
Biol., 17(12):575–579, 2007.
[9] P. Vitorino and T. Meyer. Modular control of endorthelial sheet
migration. Genes. Dev., 22(23):3268–3281, 2008.
[10] H. Haga, C. Irahara, R. Kobayashi, T. Nakagaki, and K. Kawabata.
Collective movement of epithelial cells on a collagen gel substrate.
Biophys. J., 88:2250–2256, 2005.
[11] A. J. Daly, L.Mcllreavey, and C. R. Irwin. Regulation of hgf and
sdf-1 expression by oral fibroblasts-implications for invasion of oral
cancer. Oral Oncol., 44:646–651, 2008.
117
[12] Nicholas Wright and Malcolm Alison. The biology of epithelial cell
populations. Clarendon Press, Oxford, 1984.
[13] E. Batlle, J. Henderson, H. Beghtel, M. van den Born, E. Sancho,
G. Huls, J. Meeldijk, J. Robertson, M. van de Wetering, T. Pawson,
and H. Clevers. Beta-catenin and tcf mediate cell positioning in the
intestinal epithelium by controlling the expression of ephb/ephrinb.
Cell, 111:251–263, 2002.
[14] K. Kullander and R. Klein. Mechanisms and functions of eph and
ephrin signaling. Nat. Rev. Mol. Cell Biol., 3:475–486, 2002.
[15] H. Clevers and E. Batlle. Ephb/ephrinb receptors and wnt signaling
in colorectal cancer. Cancer Res., 66(1):2–5, 2006.
[16] A. Moscona and H. Moscona. The dissociation and aggregation of
cells from organ rudiments of early chick embryo. J. Anat., 86:287–
301, 1952.
[17] M. S. Steinberg and S. F. Gilbert. Townes and holtfreter (1955):
Directed movements and selective adhesion of embryonic amphibian
cells. J. Exp. Zool. A Comp. Exp. Biol., 301A(9):701–706, 2004.
[18] P. Townes and J. Holtfreter. Directed movements and selective adhe-
sion of embryonic amphibian cells. J. Exp. Zool., 128:53–118, 1955.
[19] J. P. Trinkaus. Cells into organs: the forces that shape the embryos.
Prentice-Hall, Englewood Cliffs, N.J., 1969.
[20] M. Steinberg. On the mechanism of tissue reconstruction by disso-
ciated cells. i. population kinetics, differential adhesiveness, and the
absence of directed migration. Proc. Natl Acad. Sci. USA, 48:1577–
1582, 1962.
[21] M. Steinberg. Reconstruction of tissues by dissociated cells. Science,
141:401408, 1963.
[22] M. Steinberg and M. Takeichi. Experimental specification of cell
sorting, tissue spreading, and specific spatial patterning by quantita-
tive differences in cadherin expression. Proc. Natl. Acad. Sci. USA,
91:206209, 1994.
[23] B. M. Gumbiner. Cell adhesion: The molecular basis of tissus archi-
tecture and morphogenesis. Cell, 84(3):345–357, 1996.
[24] A. Jeanes, C. J. Gottardi, and A. S. Yap. Cadherins and cancer: how
does cadherin dysfunction promote tumour progression? Oncogene,
27(55):6920–6929, 2008.
118
[25] J. M. Halbeib and W. J. Nelson. Cadherins in development: cell
adhesion, sorting, and tissue morphogenesis. Genes Dev., 20:3199–
3214, 2006.
[26] J. Behrens, M. M. Mareel, R. M. Van Roy, and W. Birchmeier. Dis-
secting tumor cell invasion: epithelial cels acquire invasive properties
after the loss of uvomorulin-mediated cell-cell adhesion. J. Cell Biol.,
108:2435–2447, 1989.
[27] U. H. Frixen, J. Behrens, M. Sachs, G .Eberie, B. Voss, A. Warda,
D. Lo¨chner, and W. Birchmeier. E-cadherin-mediated cel-cell adhe-
sion prevents invasiveness of human carcinoma cells. J. Cell Biol.,
113:173–185, 1991.
[28] K. Vleminckx, L. Vakaet, Jr. M. Mareel, W. Fiers, and F. van Roy.
Generic manipulation of e-cadherin expression by epithelial tumor
cells reveals a invasion suppressor role. Cell, 66:107–119, 1991.
[29] K. F. Becker, M. J. Atkinson, U. Reich, I. Becker, H. Nekarda, J. R.
Siewert, and H. Ho¨fler. E-cadherin gene mutations provide clus to
diffuse type gastric carcinomas. Cancer Res., 54:3845–3852, 1994.
[30] Jean Paul Thiery. Epithelial-mesenchymal transitions in tumour pro-
gression. Nat. Rev. Cancer, 2:442–454, 2002.
[31] R. O. Hynes. Integrins: versatility, modulation and signalng in cell
adhesion. Cell, 69:11–25, 1992.
[32] S. Kuroda, M. Fukata, M. Nakagawa, K. Fujii, T. Nakamura,
T. Ookubo, T. Izawa, T. Nagase, N. Nomura, H. Tani, I. Shoji,
Y. Matsuura, S. Yonehara, and K. Kaibuchi. Role of iqgap1, a tar-
get of the small gtpases cdc42 and rac1, in regulation of e-cadherin-
mediated cell-cell adhesion. Science, 28:832–835, 1998.
[33] V. M. Braga, A. Del Maschio, L. Machesky, and E. Dejana. Regu-
lation of cadherin function by rho and rac: modulation by junction
maturation and cellular context. Mol. Biol. Cell, 10:9–22, 1999.
[34] B. Wang, F.G. Wylie, R.D. Teasdale, and J.L. Stow. Polarized traf-
ficking of E-cadherin is regulated by Rac1 and Cdc42 in Madin-Darby
canine kidney cells. Am. J. Physiol., Cell Physiol., 288:C1411–1419,
Jun 2005.
[35] R. S. Winning, J. B. Scales, and T. D. Sargent. Disruption of cell
adhesion in xenopus embryos by pagliaccio, and eph-class receptor
tyrosine kinase. Dev. Biol., 179:309–319, 1996.
119
[36] G. Manning, G. D. Plowman, T. Hunter, and S. Sudarsanam. Evolu-
tion of protein kinase signaling from yeast to man. Trends Biochem.
Sci., 27:514–520, 2002.
[37] N. W. Gale, S. J. Holland, D. M. Valenzuela, A. Flenniken, L. Pan,
T. E. Ryan, M. Henkemeyer, K. Strebhardt, H. Hirai, D. G. Wilkin-
son., T. Pawson, S. Davis, and G. D. Yancopoulos. Eph receptors and
ligands comprise two major specificity subclasses and are reciprocally
compartmentalized during embryogenesis. Neuron, 17:919, 1996.
[38] J. Holmberg, M. Genander, M. Halford, C. Annern, M. Sondell,
M. Chumley, R. Silvany, M. Henkemeyer, and J. Frisn. Ephb re-
ceptors coordinate migration and proliferation in the intestinal stem
cell niche. Cell, 125:1151–1163, 2006.
[39] D. Wilkinson. How attraction turns to repulsion. Nat. Cell Biol.,
5(10):851–853, 2003.
[40] C. Dravis, N. Yokoyama, M. Chumley, C. Cowan, R. Silvany, J. Shay,
L. Baker, and M. Henkemeyer. Bidirectional signaling mediated by
ephrin-b2 and ephb2 controls urorectal development. Dev. Biol.,
271(2):272–290, 2004.
[41] M. Zimmer, A. Palmer, J. Kohler, and R. Klein. Ephb-ephrinb bi-
directional endocytosis terminates adhesion allowing contact medi-
ated repulsion. Nat. Cell Biol., 5:869–878, 2003.
[42] D. J. Marston, S. Dickinson, and C. D. Nobes. Rac-dependent trans-
endocytosis of ephrinbs regulates eph-ephrin contact repulsion. Nat.
Cell Biol., 5:879–888, 2003.
[43] A. Poliakov, M. Cotrina, and D. G. Wilkinson. Diverse roles of eph
receptors and ephrins in the regulation of cell migration and tissue
assembly. Dev. Cell, 7(4):465–480, 2004.
[44] J.C. Kasemeier-Kulesa, R. Bradley, E.B. Pasquale, F. Lefcort, and
P.M. Kulesa. Eph/ephrins and N-cadherin coordinate to control the
pattern of sympathetic ganglia. Development, 133:4839–4847, Dec
2006.
[45] T. Saito, N. Masuda, T. Miyazaki, K. Kanoh, H. Suzuki, T. Shimura,
T. Asao, and H. Kuwano. Expression of EphA2 and E-cadherin in
colorectal cancer: correlation with cancer metastasis. Oncol. Rep.,
11:605–611, Mar 2004.
[46] C. Vearing and M. Lackmann. Eph receptor signaling; dimerization
just isnt enough. Growth Factors, 23(1):67–76, 2005.
120
[47] F. Irie and Y. Yamaguchi. Ephb receptors regulate dendritic spine
development via intersection, cdc42 and n-wasp. Nat. Neurosci.,
5:1117–1118, 2002.
[48] P. Penzes, A. Beeser, J. Chernoff, M. R. Schiller, B. A. Eipper, R. E.
Mains, and R. L. Huganir. Rapid induction of dendritic spine mor-
phogenesis by trans-synaptic ephrinb-ephb receptor activation of the
rho-gep kalirin. Neuron, 37:263–274, 2003.
[49] N. Carter, T. Nakamoto, H. Hirai, and T. Hunter. Ephrina1-induced
cytoskeletal re-organization requires fak and p130(cas). Nat. Cell
Biol., 4:565–573, 2002.
[50] H. Miao, E. Burnett, M. Kinch, E. Simmon, and B. Wang. Activa-
tion of epha2 kinase suppresses integrin function and causes focal-
adhesion-kinase dephosphorylation. Nat. Cell Biol., 2:62–69, 2000.
[51] J. Sieg, R. Hauck, D. Ilic, K. Klingbeil, E. Schaefer, H. Damsky, and
D. Schlaepfer. Fak integrates growth-factor and integrin signals to
promote cell migration. Nat. Cell Biol., 2:249–256, 2000.
[52] U. Huynh-Do, E. Stein, A. A. Lane, H. Liu, D. P. Cerretti, and
T. O. Daniel. Surface densities of ephrin-b1 determine ephb1-coupled
activation of cell attachment through alphavbeta3 and alpha5beta1
integrins. EMBO J., 18(8):2165–2173, 1999.
[53] J.X. Zou, B. Wang, M.S. Kalo, A.H. Zisch, E.B. Pasquale, and E. Ru-
oslahti. An Eph receptor regulates integrin activity through R-Ras.
Proc. Natl. Acad. Sci. U.S.A., 96:13813–13818, Nov 1999.
[54] M. Nakada, J.A. Niska, N.L. Tran, W.S. McDonough, and M.E.
Berens. EphB2/R-Ras signaling regulates glioma cell adhesion,
growth, and invasion. Am. J. Pathol., 167:565–576, Aug 2005.
[55] C. Hafner, S. Meyer, T. Langmann, G. Schmitz, F. Bataille, I. Ha-
gen, B. Becker, A. Roesch, G. Rogler, M. Landthaler, and T. Vogt.
Ephrin-b2 is differentially expressed in the intestinal epithelium in
crohn’s disease and contributes to accelerated epithelial wound heal-
ing in vitro. World J. Gastroenterol., 11(26):4024–4031, 2005.
[56] M. van de Wetering, E. Sancho, C. Verweij, W. de Lau, I. Ov-
ing, A. Hurlstone, K. van der Horn, E. Batlle, D. Coudreuse, A.-P.
Haramis, M. Tjon-Pon-Fong, P. Moerer, M. Van den Born, G. Soete,
S. Pals, M. Eilers, R. Medema, and H. Clevers. The beta-catenin/tcf4
complex imposes a crypt progenitor phenotype on colorectal cancer
cells. Cell, 111:241–250, 2002.
121
[57] D. Pinto and H. Clevers. Wnt control of stem cells and differentiation
in the intestinal epithelium. Exp. Cell Res., 306:357–363, 2005.
[58] M. Bienz and H. Clevers. Linking colorectral cancer to wnt signaling.
Cell, 103:311–320, 2000.
[59] I. Miyashiro, T. Senda, A. Matsumine, G. H. Baeg, T. Kuroda,
T. Shimano, S. Miura, T. Noda, S. Kobayashi, and M. Monden. Sub-
cellular localization of the apc protein: immunoelectron microscopic
study of the association of the apc protein with catenin. Oncogene,
11(1):89–96, 1995.
[60] S. Munemitsu, I. Albert, B. Souza, B. Rubinfeld, and P. Polakis.
Regulation of intracellular beta-catenin levels by the adenomatous
polyposis coli (apc) tumor-supressor protein. Proc. Natl. Acad. Sci.
USA, 92:30463050, 1995.
[61] A. Lugli, H. Spichtin, R. Maurer, M. Mirlacher, J. Kiefer, P. Huusko,
D. Azorsa, L. Terracciano, G. Sauter, O. Kallioniemi, s. Mousses,
and L. Tornillo. Ephb2 expression across 138 human tumor types
in a tissue microarray: high levels of expression in gastrointestinal
cancers. Clin. Cancer Res., 11(18):6450–6458, 2005.
[62] D. L. Guo, J. Zhang, S. T. Yuen, W. Y. Tsui, S. Y. Chan, C. Ho, J. Ji,
S. T. Leung, and X. Chen. Reduced expression of ephb2 that par-
allels invasion and metastasis in colorectal tumours. Carcinogenesis,
27(3):454–464, 2006.
[63] E. Batlle, J. Bacani, H. Begthel, S. Jonkheer, S. Jonkeer, A. Gre-
gorieff, M. van de Born, N. Malats, E. Sancho, E. Boon, T. Pawson,
S. Gallinger, S. Pals, and H. Clevers. Ephb receptor activity sup-
presses colorectal cancer progression. Nature, 435(7045):1126–1130,
2005.
[64] A. M. Jubb, F. Zhong, S. Bheddah, H. I. Grabsch, G. D. Frantz,
W. Mueller, V. Kavi, P. Quirke, P. Polakis, and H. Koeppen.
Ephb2 is a prognostic factor in colorectal cancer. Clin. Cancer Res.,
11(14):5181–5187, 2005.
[65] C. S. Potten. Stem cells in gastrointestinal epithelium: numbers,
characteristics and death. Phil. Trans. R. Soc. Lond. B, 353:821–
830, 1998.
[66] H. Cheng. Origin, differentiation and renewal of the four main ep-
ithelial cell types in the mouse small intestine. iv. paneth cells. Am.
J. Anat., 141(4):521–535, 1974.
122
[67] F. Radtke, H. Clevers, and O. Riccio. From gut homeostasis to cancer.
Curr. Mol. Med., 6:275–289, 2006.
[68] E. Sancho, E. Batlle, and H. Clevers. Live and let die in the intestinal
epithelium. Curr. Opin. Cell Biol., 15:18, 2003.
[69] S. E. Schonhoff, M. Giel-Moloney, and A. B. Leiter. Development and
differentiation of gut endocrine cells. Endocrinology, 145:2639–2644,
2004.
[70] L. Bry, P. Falk, K. Hutter, A. Quellette, T. Midtvedt, and J. I.
Gordon. Paneth cell differentiation in the developing intestine of
normal and transgenic mice. Proc. Natl. Acad. Sci. USA, 91:10335–
10339, 1994.
[71] J. Troughton and J. S. Trier. Paneth and goblet cell renewal in mouse
duodenal crypts. J. Cell Biol., 41:257–269, 1969.
[72] J. Malaterre, M. Carpinelli, M. Ernst, W. Alexander, M. Cooke,
S. Sutton, S. Dworkin, J. K. Heath, J. Frampton, G. McArthur,
H. Clevers, D. Hilton, T. Mantamadiotis, and R. G. Ramsay. c-myb
is required for progenitor cell homeostasis in colonic crypts. Proc Natl
Acad Sci U S A., 104(10):3829–3834, 2007.
[73] H. Cheng and C. P. Leblond. Origin, differentiation and renewal of
the four main epithelial cell types in the mouse small intestine. v.
unitarian theory of the origin of the four epithelial cell types. Am. J.
Anat., 141(4):537–561, 1974.
[74] M. Bjerknes and H. Cheng. The stem-cell zone of the small intestine
epithelium. iv. effects of resecting 30% of the small intestine. Am. J.
Anat., 160(1):93–103, 1981.
[75] Nicholas Wright and Malcolm Alison. The biology of epithelial cell
populations, volume 2. Clarendon Press, Oxford, 1984.
[76] C. S. Potten and J. H. Hendry. In C. S. Potten, editor, Stem Cells:
their identification and characterisation, pages 155–199. Churchill
Livingstone, Edinburgh, 1983.
[77] M. Loeﬄer, R. Stein, H. E. Wichmann, C. S. Potten, P. Kaur,
and S. Chwalinski. Intestinal cell proliferation. i. a comprehensive
model of steady-state proliferation in the crypt. Cell Tissue Kinet-
ics, 19:627–645, 1986.
[78] C. S. Potten and M. Loeﬄer. Stem cells: attributes, cycles, spirals,
pitfalls and uncertainties. lessons for and from the crypt. Develop-
ment, 110:1001–1020, 1990.
123
[79] C. S. Potten, C. Booth, and D. M. Pritchard. The intestinal epithelial
stem cell: the mucosal governor. Int. J. Exp. Pathol, 78:219–243,
1997.
[80] N. Barker, J. H. van Es, J. Kuipers, P. Kujala, M. van den Born,
M. Cozijnsen, A. Haegebarth, J. Korving, H. Begthel, P. J. Peters,
and H. Clevers. Identification of stem cells in small intestine and
colon by marker gene lgr5. Nature, 449:1003–1007, 2007.
[81] T. H. Yen and N. A. Wright. The gastrointestinal tract stem cell
niche. Stem Cell Rev., 2:203212, 2006.
[82] A. Spradling, D. Drummond-Barbosa, and T. Kai. Stem cells find
their niche. Nature, 414:98104, 2001.
[83] L. Li and T. Xie. Stem cell niche: structure and function. Annu.
Rev. Cell Dev. Biol., 21:605631, 2005.
[84] Toshiro Sato, Robert G. Vries, Hugo J. Snippert, Marc van de Weter-
ing, Nick Barker, Daniel E. Stange, Johan H. van Es, Arie Abo, Pekka
Kujala, Peter J. Peters, and Hans Clevers. Single lgr5 stem cells build
crypt-villus structures in vitro without a mesenchymal niche. Nature,
459(7244):262–265, 2009.
[85] J. P. Heath. Epithelial cell migration in the intestine. Cell Biol. Int.,
20(2):139–146, 1996.
[86] P. Kaur and C. S. Potten. Effects of puromycin, cycloheximide and
noradrenaline on cell migration within the crypts and on the villi of
the small intestine. Cell Tissue Kinetics, 19:611–625, 1986.
[87] J. S. Trier, C. H. Allan, D. R. Abrahamson, and S. J. Hagen. Ep-
ithelial basement membrane of mouse jejunum. evidence for laminin
turnover along the entire crypt-villus axis. J. Clin. Invest., 86:87–95,
1990.
[88] P. Kaur and C. S. Potten. Cell migration velocities in the crypts of
the small intestine after cytotoxic insult are not dependent on mitotic
activity. Cell Tissue Kinetics, 19:601–610, 1986.
[89] P. A. DiMilla, K. Barbee, and D. A. Lauffenburger. Mathematical
model for the effects of adhesion and mechanics on cell migration
speed. Biophysical Journal, 60(1):15–37, 1991.
[90] Cancer modelling and simulation. In L. Preziosi, editor,Mathematical
Biology and Medicine. Chapman & Hall, CRC, London, UK, 2003.
[91] Jonathan A. Sherratt and J. D. Murray. Modelsof epidermal wound
healing. Proc. R. Soc. Lond. Biol. Sci., 241:29–36, 1990.
124
[92] H. Sheardown and Y. L. Cheng. Mechanisms of corneal epithelial
wound healing. Chem. Eng. Sci., 19:4517 – 4529, 1996.
[93] Kohei Kobayashi, Robert M. Healey, Robert L. Sah, Justin J. Clark,
Buu P. Tu, Randal S. Goomer, Wayne H. Akeson, Hideshige Moriya,
and David Amiel. Novel method for the quantitative assessment of
cel migration: A study on the motility of rabbit anterior cruciate
(acl) and medial collateral ligament (mcl) cells. Tissue Engineering,
6(1):29–38, 2000.
[94] Philip K. Maini, D. L. Sean McElwain, and David I. Lea Vesley.
Traveling wave model to interpret a wound-healing cell migration
assay for human peritoneal mesothelial cells. Tissue Engineering, 10,
2004.
[95] D. A. Lauffenburger. A simple model for the effects of receptor-
mediated cell-substratum adhesion on cell migration. Chem. Eng.
Sci., 44:1903–1914, 1989.
[96] J. P. Trinkaus. On the mechanism of metazoan cell movements. In
G. Poste and G. L Nicholson, editors, The cell surface in animal
embryogenesis and development, pages 1–25. Elsevier/North Holland,
Amsterdam, 1976.
[97] A. Mogilner, E. Marland, and D. Bottino. A minimal model of lo-
comotion applied to the steady gliding movement of fish keratocyte
cells. Mathematical Models for Biological Pattern Formation, pages
269–294, 2000.
[98] A. Mogilner and D. W. Verzi. A simple 1-d physical model for the
crawling nematode sperm cell. J. Stat. Phys., 110:1169–1189, 2003.
[99] M. E. Gracheva and H. G. Othmer. A continuum model of motility
in ameboid cells. Bulletin of Mathematical Biology, 66:167–193, 2004.
[100] D. A. Young. A local activator-inhibitor model of vertebrate skin
patterns. Math. Biosci., 72:51–58, 1984.
[101] L. Bodenstein. A dynamic simulation model of tissue growth and cell
patterning. Cell Diff., 19:19–33, 1986.
[102] E. Ising. Beitrag zur theorie des ferromagnetismus. Z. Physik, 31:253,
1925.
[103] R. B. Potts. Some generalized order-disorder transformations. Pro-
ceedings of the Cambridge Philosophical Society, 48:106–109, 1952.
125
[104] P. S. Sahni, G. S. Grest, M. P. Anderson, and D. J. Srolovitz. Kinet-
ics of the q-state potts model in two dimensions. Phys. Rev. Lett.,
50:263–266, 1983.
[105] J. A. Glazier and F. Graner. Simulations of the differential adhesion
driven rearrangement of biological cells. Phys. Rev. E, 47(3):2128–
2154, 1993.
[106] S. Turner and J. A. Sherratt. Intercellular adhesion and cancer inva-
sion: a discrete simulation using the extended potts model. J. Theor.
Biol., 216:85–100, 2002.
[107] Mark S. Alber, Maria A. Kiskowski, James A. Glazier, and Yi Jiang.
On cellular automaton approaches to modeling biological cells. In In
IMA Mathematical Systems Theory in Biology, Communication, and
Finance, pages 1–39. Springer-Verlag, 2002.
[108] N. J. Savill and J. A. Sherratt. Control of epidermal cell clusters by
notch-mediated lateral inhibition. Dev. Biol., 258:141–153, 2003.
[109] R. M. H. Merks, S. V. Brodsky, M. S. Goligorksy, S. A. Newman, and
J. A. Glazier. Cell elongation is key to in silico replication of in vitro
vasculogenesis and subsequent remodeling. Dev. Biol., 289:44–54,
2006.
[110] A. Mare´e and P. Hogeweg. How amoeboids self-organize into a fruit-
ing body: Multicellular coordination in Dictyostelium discoideum.
Proc. Natl. Acad. Sci., 98:3879–3883, 2001.
[111] The cellular potts model and its variants. In Alexander Anderson,
Mark Chaplain, and Katarzyna A. Rejniak, editors, Single-Cell-Based
Models in Biology and Medicine. Birkhuser, 2007.
[112] F. A. Meineke, C. S. Potten, and M. Loeﬄer. Cell migration and
organization in the intestinal crypt using a lattice-free model. Cell
Proliferation, 34:253–266, 2001.
[113] F. Michor, Y. Iwasa, H. Rajagopalan, C. Lengauer, and M. A. Nowak.
Linear model of colon cancer initiation. Cell Cycle, 3(3):358–362,
2004.
[114] M. D. Johnston, C. M. Edwards, W. F. Bodmer, P. K. Maini, and
S. J. Chapman. Mathematical modeling of cell population dynamics
in the colonic crypt and in colorectal cancer. Proc. Natl. Acad. Sci.
USA, 104(10):4008–4013, 2007.
[115] J. Holtfreter. Gewebeaffinitu¨t, ein mittel der embryonalen formbil-
dung. Arch. Exp. Zellforsch., 23:169209, 1939.
126
[116] J. Holtfreter. Experimental studies on the development of the
pronephros. Rev. Canad. Biol., 3:220–250, 1944.
[117] E. S. Fleming, M. Zajac, D. M. Moschenross, D. C. Montrose, D. W.
Rosenberg, A. E. Cowan, and J. S. Tirnauer. Planar spindle orienta-
tion and asymmetric cytokinesis in the mouse small intestine. Journal
of Histochemistry & Cytochemistry, 55(11):1173–1180, 2007.
[118] C. B. O’Connell and Yu-li Wang. Mammalian spindle orientation
and position respond to changes in cell shape in a dynein-dependent
fashion. Mol. Biol. Cell, 11(5):1765–1774, 2000.
[119] Carme Cortina, Sergio Palomo-Ponce, Mar Iglesias, Juan Luis
Ferna´ndez-Masip, Ana Vivancos, Gavin Whissell, Mireia Huma`,
Nerea Peiro´, Lourdes Gallego, Suzanne Jonkheer, Alice Davy, Josep
Lloreta, Elena Sancho, and Eduard Batlle. EphB-ephrin-B interac-
tions suppress colorectal cancer progression by compartmentalizing
tumor cells. Nature genetics, 39(11):1376–83, 2007.
[120] D. J. Winton, M. A. Blount, and B. A. J. Ponder. A clonal marker
induced by mutation in mouse intestinal epithelium. Nature, 333:463–
466, 1988.
[121] S. Tsubouchi. Theoretical implications for cell migration through the
crypt and the villus of labeling studies conducted at each position
within the crypt. Cell Tissue Kinetics, 16:441–456, 1983.
[122] D. Drasdo and M. Loeﬄer. Individual-based models to growth and
folding in one-layered tissues: Intestinal crypts and early develop-
ment. Nonlinear Analysis, 47:245256, 2001.
[123] D. E. Discher, P. Janmey, and Y. L. Wang. Tissue cells feel and
respond to the stiffness of their substrate. Science, 310(5751):1139–
1143, 2005.
[124] C. King, M. Dembo, and D. A. Hammer. Cell-cell mechanical com-
munication through compliant substrates. Biophys J., page Epub
ahead of print, 2008.
[125] W. H. Guo, M. T. Frey, N. A. Burnham, and Yu-Li Wang. Substrate
rigidity regulates the formation and maintenance of tissues. Biophys
J., 90(6):2213–2220, 2006.
[126] S. R. Peyton and A. J. Putnam. Extracellular matrix rigidity governs
smooth muscle cell motility in a biphasic fashion. Journal of Cellular
Physiology, 204(1):198–209, 2005.
127
[127] H. Cheng J. Totafurno, M. Bjerknes. The crypt cycle. crypt and villus
production in the adult intestinal epithelium. Biophys. J., 52:279–
294, 1987.
[128] H. Oshima, M. Oshima, M. Kobayashi, M. Tsutsumi, and M. M.
Taketo. Morphological and molecular processes of polyp formation
in Apc∆716 knockout mice. Cancer Res., 57(9):1644–1649, 1997.
[129] Y. Yamada, K. Hata, Y. Hirose, A. Hara, S. Sugie, T. Kuno,
N. Yoshimi, T. Tanaka, and H. Mori. Microadenomatous lesions
involving loss of apc heterozygosity in the colon of adult apc(min/+)
mice. Cancer Res., 63(22):6367–6370, 2002.
[130] A. F. M. Mare´e, v. A. Grieneisen, and P. Hogeweg. The cellular potts
model and its variants, ii.2 the cellular potts model and biophysical
properties of cells, tissues and morphogenesis. In Alexander Ander-
son, Mark Chaplain, and Katarzyna A. Rejniak, editors, Single-Cell-
Based Models in Biology and Medicine, pages 107–136. Birkhuser,
2007.
[131] T. Sato, R. G. Vries, H. J. Snippert, M. van de Wetering, N. Barker,
D. E. Stange, J. H. van Es, A. Abo, P. Kujala, P. J. Peters, and
H. Clevers. Single lgr5 stem cells build cryptvillus structures in vitro
without a mesenchymal niche. nature, 459(7244):262–265, 2009.
[132] P. Simon-Assmann, B. Duclos, V. Orian-Rousseau, C. Arnold,
C. Mathelin, E. Engvall, and M. Kedinger. Differential expression
of laminin isoforms and alpha 6-beta 4 integrin subunits in the de-
veloping human and mouse intestine. Dev. Dyn., 201(1):71–85, 1994.
[133] J. F. Beaulieu. Integrins and human intestinal cell functions. Front
Biosci., 4:d310–321, 1999.
[134] http://www.who.int/mediacentre/factsheets/fs297/en/index.html.
[135] H. Lodish, A. Berk, P. Matsudaira, C. A. Kaiser, M. Krieger, M. P.
Scott, S. L. Zipursky, and J. Darnell. Molecular cell biology, pages
941–943. W. H. Freeman and Company, New York, 2004.
[136] S. M. Powell, N. Zilz, B. Y. Beazer, T. M. Bryan, S. R. Hamil-
ton, S. N. Thibodeau, B. Vogelstein, and K. W. Kinzler. Apc
mutations occur early during colorectal tumorigenesis. Nature,
359(6392):235237, 1992.
[137] N. Barker, R. A. Ridgway, J. H. van Es, M. van de Wetering,
H. Begthel, M. van den Born, E. Danenberg, A. R. Clarke, O. J.
Sansom, and H. Clevers. Crypt stem cells as the cells-of-origin of
intestinal cancer. Nature, 457:608–611, 2009.
128
[138] N. Mandir, A. J. Fitzgerald, and R. A. Goodlad. Differences in the
effects of age on intestinal proliferation, crypt fission and apoptosis
on the small intestine and the colon of the rat. International journal
of experimental pathology, 86(2):125–130, 2005.
[139] S H Lang, R M Sharrard, M Stark, J M Villette, and N J Maitland.
Prostate epithelial cell lines form spheroids with evidence of glandular
differentiation in three-dimensional Matrigel cultures. British journal
of cancer, 85(4):590–9, 2001.
[140] Sun-Young Han, Hyun Sub Hwang, Ji Soo Chae, Suk-Jin Yang, Je-
Hyun Yoon, Young Il Yeom, and Eui-Ju Choi. CIIA induces the
epithelial-mesenchymal transition and cell invasion. Biochemical and
biophysical research communications, 387(3):548–52, 2009.
129
